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ABSTRACT
The cytology, histochemistry and function, of the nervous system 
in Hydra oligactls and several other species of Hydra were studied dur­
ing the sexual and asexual stages of their life cycles. Nerve cells of 
the epidermis and gastrodermis were classified into four subtypes accord­
ing to their morphology. Epidermal nerves were found to differentiate from 
interstitial cello in three "formative zones", one of which produced a 
"neural ring" within the hypostomal dome. The highest concentration of 
nerves occurred in the distal and proximal extremities of the body col­
umn suggesting a bipolar distribution. During the early stages of gamet- 
ogenesis , a significant reduction in the number of nerves occurred. This 
decrease was greater in females than in males and persisted throughout 
the period of sexuality.
RLstochemical studies revealed that nerves in localized areas were 
specialized to secrete specific substances. In asexual H. oligactis large 
quantities of serotonin were found in nerves of the tentacles and basal 
disc. Norepinephrine was confined primarily to gastrodermal nerves.
Nerve cells in the tentacle bases, hypostomal dome, and peduncle possessed 
neurosecretory substances. During gametogenesis, an increased amount of 
neurosecretory substance was found in peduncular nerves while the intra- 
neural concentrations of serotonin, norepinephripe, and hypostomal neuro­
secretory substance decreased.
Attempts were made to determine the role of the nervous system 
in gametogenesis and budding by simulating neural hypo- and hyperfunction­
al conditions. In addition, several neuropharmacological agents were
ii
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tested for their effects on distal regeneration and budding. The possi­
bility that two of these, norepinephrine and serotonin, were mediated by 
cyclic AMP in Hydra was tested. ,
These results are dismissed in light of previous results, and in 
particular, Burnett*s hypothesis concerning the control of sexual and 
asexual processes. Alternative models are presented.
iii
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CHAPTER I
INTRODUCTION AND REVIEW OF THE LITERATURE 
Introduction
j The sexual biology of Hydra has been the object of extensive investi-
j
gations which seek to answer two major questions (Tardent, 1968):
j
I
1. What are the extrinsic and intrinsic factors which initiate and
synchronize gametogenesis (Whitney,- 1907; Loomis, 1957j 1959; Park et al,,
/
196*1, 1965; Burnett and Diehl, 1964b)?
: 2. What are the physiological and cytological mechanisms which de­
termine the sex of the individual polyp (Stagni, 1961; Brien, 1963)?
These questions become more difficult because both male and female gametes 
arise from the same cell type, the interstitial or I-cell (Brien, 1960; 
Schincariolet al., 1967) which during periods of asexual reproduction is 
capable of differentiating into nerve cells (Burnett and Diehl, 1964a; 
Lentz, 1966), cnidoblasts (Brauer, 1891), gland cells (Gelei, 1924), and 
epithelio-muscular cells (Strelin, 1928). Recently, the nervous system has 
been implicated as the mediator of interstitial cell differentiation, 
growth and polarity in Hydra (Burnett and Diehl, 1964a,b; Burnett et al., 
1964; Lentz, 1965c; Burnett, 1966). This thesis describes the cytology and 
histochemistry of the nervous system during gametogenesis and examines 
some of the effects of neurohormones on the processes of sexual and asexual 
reproduction.
Classification, Morphology and Reproduction 
Hydra, Linnaeus, is a diploblastic organism belonging to the phylum 
Cnidaria (Coelenterata), class Hydrozoa and order Hydroida (Hyman, 1959)*
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2It possesses an inner gastrodermis and an outer ejjidermis separated by 
a non-cellular mesoglea (Figure 1a), over which the two cell layers 
move (Shostfak et al., 19&5)• Morphologically and anatomically, Hydra 
can be divided into six regions (Figure 1b-; Burnett, 1959j 19&1).
T e n t a c le s
H ypostom e
G ast r ic  Region
Budding Region
Peduncle
Basal_  D isk____________ V.
Fig. 1a. The six body regions of Hydra.
Fig. 1b. A longitudinal section of H. pseudoligactls at 20°C showing the 
three body layers. D, digestive cavity: 3, epidermis; G, gastro- 
dermis; M, mesoglea. Karnechenko, h \i, hematoxylin/eosin. X 50-
3oth asexual and sexual reproduction occur in this organism.
Asexual reproduction is expressed by the process of budding. The first 
indication of a bud occurs as an cutpushing about one third the length 
along the body column from the most proximal end, ie. the basal disc, 
composed of both the gastrodermal and epidermal cell layers. This 
projection elongates and forms distal structure, ie. hypostome and tentacles.
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Eventually the bud forms its own basal disc and falls off the parent 
and becomes capable of independent existence.
In nature most species of Hydra spontaneously undergo sexual re­
production in the spring and fall of the year (Park et al., 1965).
t
Female and male gametes arise from the stock of pluripotent interstit­
ial cells (Brien and Reniers-Decoen, 1955)- At sexual maturity, sperm 
are ejected into the surrounding aqueous environment (Figure 2) and
fertilize the eggs of the female (Figure 3) • The fertilized egg then
%
commences cleavage and proceeds through blastulation to gastrulation 
during which time a protective theca is secreted around the develop­
ing embryo. The encysted gastrula is then shed from the parent and 
development proceeds to the. point of hatching. At the time of hatch­
ing a planula-like form emerges and shortly thereafter differentiates 
distal and proximal structures to form a complete young polyp.
Growth Process in Hydra
An understanding of the growth process is basic to an understand­
ing of both asexual and sexual reproduction, since the interstitial 
cell is intimately involved with the expression of both phenomena 
(Diehl and Eurnett, 19^5 a, b; Schincariol et al., 1967). The growth 
pattern in Hydra-was first discovered by Tripp (1928) who observed 
that when an excised peduncle was grafted between the hypostome and 
gastric region, the graft migrated proximally to its original position. 
Tripp recalled that Issajew (1926) had observed that if a hydra possessed 
a forked tentacle, the fork moved distally to the extremity of the ten­
tacle and disappeared at its tip. Tripp concluded that Hydra contains 
a growth region beneath the hypostome which forces cells towards the 
basal disc and tentacle tips.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig. 2. Et. fusca at 8°C bearing several mature 
testes (large arrow) from which sperm­
atozoa (small arrow) are ejected. X 30*
Fig. 3* H. ollgactis at 8°C bearing 4 mature ova. X 30.
5The size of the animal is limited because cells are being sloughed off
continuously at each extremity of the animal. Tripp's theory was later
confirmed by several investigators working with a variety of species
(Brien, 1953 5 Burnett, 1959i Burnett and Garofalo, 1960; Semal-
/
Van Gansen, 1951)*
Theories of Growth Control
It is well known that if a small annulus of tissue is excised 
from the gastric region, it will regenerate a hypostome and tentacles 
on the side of the annulus which was closest to the hypostome of the 
original hydra, followed by regeneration of a peduncle and basal disc 
at the opposite side of the"annulus (Burnett, 1966). This has led to 
the conclusion that Hydra is rigorously polarized and that this polar­
ity is expressed in terms of hypostomal and basal disc differentiation. 
Attempts were made to explain this polarity in terms of an apico- 
basal metabolic gradient (Child and Hyman, 1919; Child, 19^7)• Employ­
ing methylene blue and such poisons as potassium cyanide, methylene blue 
extinction and resistance to cell death were measured, respectively.
Areas of high metabolic activity will reduce the dye faster than areas 
of low activity, and similarly, areas of high activity will be more 
susceptible to poisoning than areas of lower activity. The results of 
these experiments, however, could not explain apico-basal polarity in 
Hydra, but were instrumental in showing the metabolic pattern found in 
Hydra. In H. viridis, Child (19^7) found that the areas of highest 
activity were in the tentacles and basal disc. Metabolism decreased from 
these two regions toward the budding region. This is illustrated in 
figure k where decreasing metabolic activity is expressed on a scale
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
from 1 to 5* In H. oligactis there was a secondary increase in meta­
bolic activity in the budding region.
1
1
2
3
4
5
2
1
Fig. *r. The metabolic gradient of H. viridis. Ascending numbers and arrows 
indicate decreasing metabolic activity. Redrawn from Child (19^7)«
The most comprehensive attempt to explain polarity, growth and 
cellular differentiation was presented by Burnett (1961, 1966).
Evidence was presented (Lesh and Burnett, 196*t, 1966) for the existence 
of a stimulator of hypostome and tentacle formation produced by neur­
osecretory cells in the hypostome (Burnett _et al., 196*0 which diffused 
proximally toward the basal disc in a gradient of decreasing concentra­
tion. This material was assigned the properties of a stimulator of 
metabolism, cell division and differentiation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7Polarity was maintained because distal regions would always possess more 
stimulator than proximal regions at any level of the body column.
Growth, cellular differentiation and the metabolic pattern observed 
by Child (19^7) were controlled by the quantitative ratio of this stim­
ulator to an inhibitor produced by dividing cells in regions of active 
cell proliferation (i.e. a subhypostomal growth zone and the budding 
region; Figure 5)»
Fig. 5* The stimulator (S) - inhibitor (I) theory of Burnett (1966). "S" 
is produced by hypostomal neurosecretory cells, diffuses prox- 
imally, and stimulates cell divisions in the subhypostomal growth 
and budding regions. Dividing cells produce "I" which controls the ex­
pression of the effects of "3".
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9Foundation of. the Problem
Preliminary evidence (Burnett and Diehl, 196^b) has shown that in 
two species of Hydra - H. pseudoligactis and H. pirardi - the number of 
nerve cells and the amount of neurosecretory, substance becomes drastically 
reduced in sexual animals. Since this has been suggested as the cause 
of sexuality (Burnett, 1966), a study was made of the nervous system of 
H. oligactis during gametogenesis. The following questions were asked:
1. Is there a significant change in the number of nerves
during sexuality?
2. If so, does this change occur early enough to account
for changes in cellular differentiation?
3. Is there a difference between the number of nerves in
male and female animals undergoing sexual differentiation?
In view of the suggestion made by Lentz (1967) that the earliest function 
of nerve cells might have been secretory rather than conductive, the 
possibility of neurotransmitters as chemical regulators of growth and 
cellular differentiation becomes more significant. Therefore, the patterns 
of neurosecretory substance, catecholamines, and serotonin were invest­
igated during sexuality. Lastly, techniques of classical endocrinology 
were employed in a preliminary attempt to elucidate the functions of 
these compounds and the role of certain body regions in the various 
physiological responses of Hydra.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 Theories Concerning Sexuality-
Several factors have been found to induce sexuality in Hydra since
Tannreuther (1908) wrote: "The condition necessary for the appearance
of sexual organs in hydras has long been question of much interest,
«
especially among scientific investigators". The most consistent in­
ducer for all Hydra species has been temperature change (Park et al., 
1965) although other reports have implicated such conditions as state of 
nutrition (Nussbaum, 1909; cited by Park et al., 1965); low p0£
(Loomis, 195*0; high pC02 (Loomis, 1957); enriched microenvironment 
(Loomis, 196*0; and day length (Burnett and Diehl, 1964b). Park et al., 
(1965) interpreted their results concerning sexual induction in terms of 
an initiator of sexuality which is prevented from triggering gametogene- 
sis by a temperature sensitive inhibitor. Any change in temperature 
will destroy the inhibitor and sexuality can then be iniated.
Burnett (1961) presented the general hypothesis that any stimulus 
which specifically inhibits the subhypostomal growth processes of the 
animal without damaging cellular material will bring on sexuality.
Later, it was suggested (Burnett and Diehl, 1964b; Burnett, 1966) that 
cessation of hypostomal neurosecretion and a consequent reduction of the 
growth stimulator initiated this process. In reduced amounts of stimul­
ator, interstitial cells cease dividing and differentiate into sperm; 
when stimulator is present in trace amounts, interstitial cells differ­
entiate into ova.
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CHAPTER II
MORPHOLOGY AND DISTRIBUTION OF NERVES -IN SEXUAL AND ASEXUAL H. oligactis
/
«
The first description of 'nerve-like' cells in Hydra was reported 
by Jickeli in 1883 (Cited by Semal-Van Gansen, 1932). Later, Schneider 
(189O) used a maceration technique to describe bi- and multipolar gang­
lion cells and sensory cells. Hadzi (1909) discovered the ectodermal sen­
sory cell type but maintained.that ganglion cells were mainly confined 
to the ectoderm. Using leucomethylene blue, McConnell (1932) was able to 
demonstrate the ectodermal nerves of the developing bud and later this method 
was used to demonstrate ectodermal nerves of mature animals (Spangenberg 
and Ham, 196O; Burnett and Diehl, 196*0. Semal-Van Gansen (1952) remains 
the only recent investigator to describe endodermal ganglion and sen­
sory nerve cells.
Ultrastructural studies (Lentz, 1963a; Lentz and Barrnett, 1965;
Davis et al., 1968) have further contributed to our knowledge of the 
morphology of ectodermal nerves, but endodermal have not yet been identi­
fied with the electron microscope. None of these investigators have at­
tempted to study the relative number and distribution of these cells in 
the various regions of Hydra during sexual and asexual periods of its life 
cycle. This chapter describes the morphology, number, and distribution of 
nerve cells during these two physiological stages.
MATERIALS AND METHODS 
Species Used in this Study
H. oligactis (obtained from Troyer Biological Supply Co., Oak Ridges, 
Ontario) was the principal organism used in this investigation. H. littoralis
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(obtained from National Biological Supply Co., Inc., Chicago, Illinois, 
U.S.A.) and H. pseudoligactis, C. viridis and H. fusca (obtained from Dr. 
A. L. Burnett, Developmental Research Center, Western Reserve University, 
Cleveland, Ohio, U.S.A.) were also employed. ,
* 0
Methods for Culturing Hydra 
Mass cultures containing between 1000 to 1500 animals were reared 
in 10 inch square pyrex dishes and maintained at 20° + 1c C. in a stan­
dard, continuously illuminated incubator. The culture medium was a 
modification of a solution devised by Ham and Eakin (1958) and full 
details of its composition and preparation are described in Appendix I. 
Hydra were fed daily(with freshly-hatched nauplii of the brine shrimp, 
Artemia salina )twashed and returned to fresh culture medium (Appendix I). 
Animals reproduced so rapidly by asexual budding that at the end of 
each week several hundred hydras were discarded to prevent overcrowding.
Induction of Gametogenesis and Criteria for Selection of Animals
Garaetogenesis in H. oligactis was induced by a temperature shock, 
that is, by transferring Hydra directly from 20° C. to a culture medium 
at 8° C. After 20 days at this temperature males could easily be dis­
tinguished morphologically from females. One male and one female were 
then isolated and returned to the incubator at 20° C. After two weeks 
each individual began to reproduce asexually and clones of 500 or more 
males and females were established from the original individual parent.
Schincariol (19&7) has shown in H. fusca that well fed animals 
sometimes fail to undergo gametogenesis. Therefore, animals were not 
fed for b8 hours prior to incubation at 8° C. Preliminary studies 
showed that in the strain of H. oligactis used, male or female clones 
underwent oUgenesis v/hen feeding was reduced to once every three days?
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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or when not fed at all, during the period of sexuality. Spermatogene­
sis, however, could be induced in both male and female clones by feed­
ing daily ad libidum for the entire course of the sexual period. Sper­
matogenesis also occurred spontaneously in June 1968, in both male and
I
female clones at 20° C.
The ’period of sexuality' in H. oligactis lasted for about 30 days 
and was defined as the time after incubation at 8° C. when no new testes 
or ova formed. It was felt desirable to choose developmental stages 
during this period that were reproducible and which represented easily 
recognizable morphological changes. Therefore, Hydra were chosen after 
10, 15, 20 and 30 days of incubation at 8°C. The 10 day stage was des­
ignated as the 'proliferative stage' during which interstitial cells in 
both male and females undergo repeated mitotic divisions to form large 
nests (Brien, 1960; Schincariol, 1967). Previous studies have shown 
that from days 10 to 13 these cells enlarge and migrate to form ectoder­
mal thickenings along the gastric column (Brien, 196O; Schincariol, 1967). 
In males, these thickenings are transparent but in females they become 
opaque. Using these criteria, the earliest indication of males or fe­
males occurs by 13 days. Consequently, this period was designated the 
'determinative stage', the time at which animals become committed to 
spermatogenesis or odgenesis. From 13 to 20 days males undergo meiosis 
(Schincariol, 19&7) and at 20 days the first fully differentiated testes 
with spermatozoa are noted. This time was defined as the 'testicular 
stage'. The eggs of females during this period accumulate yolk. The 
developing egg is seen to form long pseudopodial extensions, become 
more opaque and finally by 20 days withdraw these pseudopodia to form 
a compact, spherical ovum. This 'plasmodial stage' was described by 
Tannreuther (1908) and this term was used in the present study.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Prom 20 to 30 days males liberate sperm • the ectoderm of the females 
ruptures to expose eggs for fertilization. This last stage was referred 
to in this thesis as the 'termination of sexuality'.
Unless otherwise stated, animals chosen for study were without buds
/
and had not been fed for 2b hours as recommended by Burnett (1959)• These 
animals were always matched for uniformity in size and morphology.
Newly detached buds were excluded from these studies.
Methods for Studying Nerve Cells 
Two methods were employed to study morphology, number and dis­
tribution of nerve cells in sexual and asexual stages.
In the first method, ectodermal nerves in various regions were 
examined by surgically dividing hydra into tentacles, hypostome, gas­
tric region, peduncle and basal disc. Gastrodermal nerves were studied 
after placing hydra in 3% urethane which strips away the ectoderm. The 
cells in each region were then dissociated with Bela Haller's Fixative 
(Gatenby and Beams, 1950) and examined under phase contrast on a Nikon 
Model M microscope.
In the second method the ectodermal nerves of living animals 
were selectively stained with leucomethylene blue by a procedure mod­
ified from the original method of McConnell (1932). An attempt to stain 
endodermal nerves by this method was made by cutting hydra into two lon­
gitudinal halves to expose the gastroderm to the stain. Animals were 
either mounted without fixation or fixed in a 10% formaldehyde (at pH 
10), ammonium picrate and ammonium molybdate and mounted between two 
coverslips. This enabled examination of both sides of the same animal 
as well as the gastrodermal surfaces. Other hydra were stained, fixed 
and embedded for paraffin sections. The complete method is reported
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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elsewhere and is summarized in Appendix II (Zeilig and Habowsky, in 
preparation).
For a quantitative estimation of nerve distribution,hydra were 
mounted betv/een two coverslips and nerves were counted on both sides of
I
each animal. This study showed that nerves were evenly distributed on 
both sides and the results are reported in Appendix III. Therefore, 
it was decided to examine one side of the animal only and to estimate 
the total number of nerves by multiplication.
At least three tentacles, the hypostome, gastric region, peduncle 
and basal disc were examined on one side of each animal. The total num­
ber of nerves observed per tentacle,multiplied by a factor of 6, (the 
characteristic number of tentacles in H. oligactis)was then multiplied 
by two for the opposite side of the animal. An estimation factor of 
two was applied to the observed number of cells in each of the other 
regions for the determination of nerves in both halves of the animal.
Expression of Data
In the tables, mean values are followed by the standard 
deviation , while in the figures, the mean values are plotted with the 
standard deviation represented by vertical bars. The number of obser­
vations is indicated in parentheses. The significance of differences 
between means of control (asexual) and experimental (sexual) animals 
was established by the Student's"t"Test. Values of P v/hich exceeded 
0.05 % were taken to indicate non-significant changes.
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RESULTS
Morphology
On the basis of morphology, several different types of nerve 
cells were distinguished. In H. oligactis the distribution of these 
cells was clearly confined to five easily distinguishable areas: 
tentacles and tentacle bases, hypostomal dome, gastric column and budding 
region, peduncle and basal disc. Other investigators have distinguished 
two basic cell types: sensory, possessing a sensory hair and ganglionic,
possessing two or more neurites (Schneider, 1890; Hadzi, 1909).
Sensory cells are characterized by possessing an apical sensory 
hair emerging from a bulbous tip. They possess an oval nucleus, 6.0 
x 3 .5 u in size, and one or two terminal neurites of about 15 u to 25 u 
in length (Figure 6).
Fig. 6. Phase contrast photomicrograph of sensory (S) and medium bi­
polar ganglion (G) nerve cells after maceration of the tentacles. 
Bela Haller's Fixative. X 1200.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Occasionally, this cell type possesses a large clear vacuole immediately 
below the sensory hair (Figure 7)*
Fig* 7* Phase contrast photomicrograph of a sensory nerve showing the
apical sensory hair (large arrow) and vacucle (small arrow) after 
maceration of the hypostome. Bela Haller’s Fixative. X 1200.
In preparations stained by leucomethylene blue, most sensory cells ex­
hibit a small densely staining granule in the cytoplasm. Sensory cells 
are confined primarily to the tentacles, hypostomal and basal disc regions.
Ganglion cells possessing exclusively two neurites of about 
35 u to 50 u in length are referred to as short, bipolar ganglion cells.
The nuclei of these cells are round, about 3»5 u in diameter and possess 
one or two nucleoli. Dissociated nerves examined with the phase micro­
scope exhibit numerous refractile bodies in the perikaryon and neurites; 
nerves stained with leucomethylene blue also exhibit dense granules in 
the same locations (Figures 8 , 9)* The neurites of these cells are broad 
(about 1 u) with one usually longer than the other (Figure 10).
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Fig. 8. Short bipolar ganglion cell of the hypostomal Fig. 
neural ring, vitally stained with leuco-methy- 
lene blue. Note the granules distributed 
throughout the cytoplasm and along the neu­
rites (small arrows). X 1800.
9 . Two short bipolar ganglion cells of the hypo- 
stomal neural ring. Leucomethylene blue, form­
aldehyde, ammonium picrate, ammonium molybdate, 
whole mount. X 2700.
-o
Pig. 10. Phase contrast photomicrograph of a short bipolar ganglion cell 
after maceration of the hypostome. Note retractile granules in 
the neurite (arrows). Bela Haller's Fixative. X 1200.
These cell types are located exclusively in the hypostomal dome.
, Medium ganglion cells are distinguished from short bipolar ganglion 
cells in that they possess two or three and sometimes four neurites 
ranging in length from 60 u to 80 u and v/ith a diameter of about 0 .6 to 
0.8 u. The nuclei of these cells are round, measure u, and contain 
one or two nucleoli. Small granules are distributed along neurites but 
are absent from the perikaryon (Figures 6, 11, 12, 1j). These cells 
are found at the base of the tentacles, hypostome and occasionally in 
the gastric region.
Long bi-, tri-, and tetrapolar ganglion cells possess neurites 
80 to 200 u in length. Their neurites are often very narrow (0.2 to 
0.6 u) and multibranched. The nuclei of these cells are about 5*5 u 
in diameter, have one nucleolus, and are similar in appearance to the 
nuclei of short ganglion cells.
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Fig. 11. Phase contrast photomicrograph of medium gang­
lion cell after maceration of the tentacles. 
Note refractile granules along the neurites 
(arrows). Bela Haller’s Fixative. X 1200.
Fig. 12. Phase contrast photomicrograph of medium
ganglion cell after maceration of the hypo­
stome. Note refractile granules along the 
neurites (arrows). Bela Haller's Fixative.
X 1200. ^
vo
2 0
J
Fig. 13. Phase contrast photomicrograph of medium ganglion cell after
maceration of the gastric region.'Bela Haller's Fixative. X 1200.
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Fig. 1^. Long teti-apolar (large arrows) ganglion cell of the peduncle.
Note granules along the neurites and in the perikaryon (large 
arrow). Leucomethylene blue, formaldehyde, ammonium picrate, 
ammonium molybdate, whole mount. X 2200.
Surrounding the perikaryon and distributed along the neurites, several 
dense accumulations are found (Figures 1**, 15i 16). These cells are 
found in large number in the peduncle and occasionally in the proximal 
gastric region.
Examination of the gastroderm of animals stained with leuco­
methylene blue did not reveal any nerve cells. However, when the iso­
lated gastrodermis was dissociated one nerve cell type was observed. 
This cell resembles the ectodermal long ganglion cell with respect to 
the length of its neurites (100 to 150 u). Bipolar gastrodermal gang­
lion cells occur most frequently, but tripolar ganglion cells are also 
observed (Figure 17 ). The nuclei of these cells are about 5 u 
in diameter and appear to lack nucleoli. Granules are rare or absent 
around the perikaryon and along the neurites.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
R
eproduced 
with 
perm
ission 
of the 
copyright 
ow
ner. 
Further 
reproduction 
prohibited 
w
ithout 
perm
ission.
* ,
r ! V ;  V: 'V, »* J
I
i»•*
•~y
/
. %
W
1
Fig. 15- Long tetrapolar ganglion cell after macer­
ation of the peduncle, cf. Fig. 14. Phase 
contrast, Bela Haller’s Fixative. X 1200.
Fig. 16. Long bipolar ganglion cell after maceration 
of the peduncle, cf. Fig. 1 -^. Phase contrast, 
Bela Haller’s Fixative. X 1200.
rurv
Fig. 17. Phase contrast photomicrograph of a tripolar ganglion cell after 
maceration of the gastrodermis. Three per cent urethane, Bela 
Haller's Fixative. X 2^00.
The gastrodermal sensory cells described by Semal-Van Gansen (1952) 
were not observed, but since these cells apparently lack a terminal 
sensory hair, (Semal-Van Gansen, 1952) it is possible that the cells 
reported in this study were identified as bipolar ganglion cells. The 
gastrodermal nerve cells appear to be concentrated in the distal and 
proximal ends of the animal, but in contrast to the distribution of ec­
todermal nerves, large number of nerves are found evenly distributed through 
the middle regions of Hydra. The results of these studies are summarized 
in Table I.
In some regions of H. oligactis, the distribution of ectodermal 
nerve cells is so dense, and the neurites of different neurons are in 
such close proximity, that an indication of a nerve net is given.
This is particularly evident in the hypostome, peduncle and basal disc.
t
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TABLE I
Type
Sensory 
(Figures 
6 and 7)
MORPHOLOGY AND DISTRIBUTION OF NERVE CELLS IN H. oligactis
Location Length of 
Neurites
Nuclear
Size
Features & 
Inclusions
Ectoder­
mal ; per­
pendicular 
to mesoglea, 
between ep- 
ithelio 
muscular 
cells.
15-25 u 6.0 x Large clear
5.5 u vacuole below
apical sensory 
hair. Nucleus 
without nucleo­
lus.
Distribution
Tentacle 8c 
Tent. Base
Hypostome Gastric Peduncle Basal Disc
XXX XX
Short 
bipolar 
ganglion 
(Figures 
8, 9, 10)
Ectoder­
mal ; para­
llel to 
mesoglea at 
base of epi- 
thelio-mus- 
cular cells.
35-50 u 5.5 u Dense accumu­
lations in per­
ikaryon and 
neurites.
Usually neurites 
are broad (1 u) 
with one longer 
than the other. 
Nucleus with 
nucleolus.
XXX
T3
CD
(/)in
Medium 
ganglion 
(Figures 
6 , 11, 12, 
13)
60-80 u ff.5 u Small granules 
along neurites; 
neurites 0.6 to 
0.8 u in diameter. 
Nucleus with 
nucleolus.
XX
R
eproduced 
with 
perm
ission 
of the 
copyright 
ow
ner. 
Further 
reproduction 
prohibited 
w
ithout 
perm
ission.
Medium
ganglion
juong
ganglion 
(Figures 
14, 15, 16)
Long
ganglion-
(Figure
17)
Ectoder- 80-200 u 5-5 u 
mal; para­
llel to 
mesoglea; 
at base of 
epithelio- 
muscular 
cells.
Gastrodermal 100-150 u 5»0 u
Cytoplasm devoid XX 
of granules; 
nucleus without 
nucleolus.
Very fine -
neurites, 0 .2- 
0 .6 u, multi­
branched , extreme­
ly long with sev­
eral fine granules 
in perikaryon and 
neurites. Nucleus 
with nucleolus.
Granules lacking; - 
nucleus without 
nucleolus.
f'O
C-!
CO
t£3
CG
XX
X XXX
XX X XX
* XXX High concentration (>125)
XX Medium concentration (50-125) 
X Low concentration (<50)
vn
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Upon occasion, carefully macerated tissue results in the isolation of a 
complex of neurons (Fig. 18) and further substantiates the impression of 
an interconnected nerve net, as has been reported by earlier investigators 
(Eadzi, 1909; McConnell, 1932; Semal-Van Ganseii, 1932).
. Fig. 18. Phase contrast photomicrograph showing a complex of 5 ganglion 
cells after maceration of the peduncle. Note nerve cell bodies 
(large arrows). Bela Haller's Fixative. X 1200.
This kind of distribution, however, is notably absent from the gastric 
region of H. oligactis, H. fusca, H. littoralis, and H. pseudoligactis, 
and is in agreement with the findings of Davis et al. (1968) for H. pir- 
ardi. In contrast to these species the distribution of ectodermal nerve 
cells in the gastric region of E. viridis appears to be continuous, al­
though nerves are still more concentrated at the extremities of the animal.
Although many investigators have reported a comcentration of nerves 
in the hypostome, no definite distribution has been described. In specimens 
stained with leucomethylene blue, a definite neural ring is revealed 
immediately surrounding the mouth and distal to the tentacle base
\
region. This neural ring appears to form 'tracts' composed of *
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2 to b neurons in width at any one point (Figure 19) • Davis et al.
(1968) described a similar neural ring in H. pirardi from histological 
sections, but located in a more proximal position at the base of the hy­
postome and tentacles.
f
The morphology of ectodermal nerve cells described here is in 
general agreement with other recent investigations (Burnett and Diehl, 
196^a; Davis et al., 1968); the present report describes for the first 
time the long ganglionic cell type in the peduncle which contains dense 
granules both in the perikaryon and neurites.
The differentiation of interstitial cells into nerve cells has 
been described previously (Burnett and Diehl, 196*ta; Lentz, 1965 a ) 
Leucomethylene blue stained preparations have revealed that this process 
occurs in specific 'formative zones'. In H. oligactis differentiating 
I-cells are observed at the base of tentacles, just proximal to the neural 
ring, and at the distal margin of the peduncle. Differentiating I-cells 
are absent in the basal disc and tentacles.
Numerical Distribution of Ectodermal Nerves in Asexual and Sexual H.
oligactis
The results of nerve cell counts in control animals (asexual) 
are summarized in Table II. This distribution is represented in the 
form of a bar graph in Figure 2D. It can be seen that the highest con­
centration of nerves is found in the distal and proximal extremities 
of the animal and that the concentration of nerves in the tentacle and
l
hypostomal regions is about 2ft times greater than the concentration 
in the peduncle and basal disc.
During the course of sexuality, the number of nerves in each 
region becomes reduced. These results are summarized in Tables III
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig. 19. Photomicrograph of the hypostomal dome showing the neural ring, 
the margins of which are enclosed within the concentric circles 
(see transparent overlay). Mouth (M). Leucomethylene blue vital 
stain. X 150
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TABLE II
NUMERICAL DISTRIBUTION OF NERVE CELLS IN ASEXUAL H. oligactis
Region Total mean no. of nerves S. D.
Tentacles (35) 783.6 11.1
Hypostome (11) 121.8 7 .5
Gastric
Region (11) 14.7 1.9
Peduncle (11) 273-2 22.1
Basal
Disc (11) 116.8 7 A
Bracketed numbers indicate number of observations.
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Fig. 20. Numerical distribution of nerve cells in asexual H. oligactis. 
x Vertical lines on bar graph represent standard deviations.
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to VII and are illustrated in Figures 21, 22, and 23. The complete 
data for these results are presented in Appendix III. When sexual 
animals are compared to asexual hydra the most obvious change is a reduc­
tion in the number of nerve cells. In males, the reduction of nerve cells
I
in the tentacles, gastric region, peduncle, and basal disc becomes sig­
nificant during the 'proliferative stage*. Hypostomal nerves, however, 
are not significantly different until the 'testicular stage'. In 
females, this pattern of reduction occurs in the same regions and as
• /
early as the males, but with one important exception. By 10 days, the 
number of hypostomal nerves is significantly lower than in asexual
animals. It is important to note that in males the number of nerve cells
in the peduncle remains fairly numerous until about 20 days, but in fe­
males a significant reduction occurs during the 'proliferative stage'.
When the different regions of males and females are compared 
(Table VIII) significant differences are observed during the sexual 
period. The greatest difference is seen in the distal regions, where 
the reduction of nerves in females occurs earlier and to a greater ex­
tent than in males. In all regions of the female,with the exception 
of the gastric region,there are fewer nerves than in males by the end 
of sexuality.
During sexuality, the formative zones also show a reduction in 
the number of differentiating interstitial cells. This is quite evident 
in males. In females, differentiating interstitial cells are scarce
or absent in these regions. The greatest reduction of nerves occurs
in the tentacle base region and very few medium ganglion cells are ob­
served. Thus, by the end of sexuality this cell type is absent from 
the tentacle base region in females and reduced in number in the male.
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TABLE I I I
COMPARISON OF THE NUMBER OF NERVES IN THE TENTACLES OF ASEXUAL AND SEXUAL H. oligactis
Stage Day Animal. Total mean no. 
of nerves per 
animal in 6 
tentacles
S. D.
(asexual vs. 
sexual)
- 0 Asexual(35) 783.6 11.1 - -
Proliferative 10 Male (16) ' 550.8 6.79 6.36 >0.005
Determinative 15 Male (18) ' 412. 8- 6.83 10.65 >0.005
Testicular 20 Male (16) 300.0 5.47 13.57 >0.005
Termination 30 Male (20) 309.6 5.19 14.80 >0.005
Proliferative 10 Female (21) 360.0 4.41 13.74 >0.005
Determinative 15 Female (16) 206.9 3.58 16.69 >0.005
Plasmodial 20 Female (15) 166.8 3.30 17.34 >0.005
Termination 30 Female (15) 128.4 4.03 18.25 >0.005
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TABLE I V
COMPARISON OF THE NUMBER OF NERVES IN THE HYPOSTOME OF ASEXUAL AND SEXUAL H. oligactis
Stage Day Animal Total mean no. 
of nerves in 
hypostome
S. D. »t' P
(asexual i 
sexual)
- 0 Asexual (11) 121.8 7.53 - -
Proliferative 10 Male <$> 111.2 8.80 1.16 C 0.25
Determinative 15 Male (5) 120.it 5.04 0.18 < 0.50
Testicular 20 : Kale (5) 68.8 4.03 6.93 >0.005
Termination 30 Male (6) 71.6 5.11 6.86 >0.005
Proli ferative 10 Female (6 ) 55-0 4.57 9.32 > 0.005
Determinative 15 Female (5) 56.8 4.13 8.48 >0.005
Plasmodial 20 Female (5) 52.4 3-97 9.08 >0.005
Termination 30 Female (5) 54.8 1.86 9.19 >0.005
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Fig. 21. Mean number of nerves in distal regions of H. oligactis during 
gametogenesis at 8°C. Values plotted along the ordinate (day 0) 
were obtained from asexual animals. Solid lines represent tent­
acles; broken lines represent hypostomal regions.
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TABLE V
COMPARISON OF THE NUMBER OF NERVES.IN THE GASTRIC REGION OF ASEXUAL AND SEXUAL H. oligactis
Stage Day Animal Total mean no. 
of nerves in 
gastric region
S. D. •t' P
(asexuaJ
sexual
- 0 Asexual (11) 14.7 1.87 - -
Proliferative 10 Male (5) 3.6 1.17 5-73 < 0.005
Determinative 15 Male (5) 1.2 1.20 6.94 < 0.005
Testicular 20 Male (5) 0.0 0.0 CO < 0.005
Termination 30 Male (6 ) 0.0 0.0 oo <0.005
Proliferative 10 Female (6) 0.4 0.4 8.70 < 0.005
Determinative 15 Female (5) 0.0 0.0 ex7 , < 0.005
Plasmodial 20 Female (5) 0.0 0.0 ©o < 0.005
Termination 30 Female (5) 0.0 0.0 o a < 0.005
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TABLE V I
COMPARISON OF THE NUMBER OF NERVES IN TEE PEDUNCLE OF ASEXUAL AND SEXUAL H. oligactis
Stage Day Animal Total mean no. 
of nerves in 
peduncle
S. D. •t* P
(asexual vs. 
sexual)
- 0 Asexual (11) 273-2 22.1 - -
Proliferative 10 Male (5) .202.8 10.7 3.16 7 0.01
Determinative 15 Male (5) 28^.6 13.3 0.5^ > 0.50
Testicular 20 Male (5) 168.8 15.8 < 0.005
Termination 30 Male (6) 127.0 k .9 9 7.50 . <0.005 '
Proliferative 10 Female (6) 180.6 11.3 tf.51 < 0.005
Determinative 15 Female (5). 15^.^ 7.11 5.49 < 0.005
Plasmodial 20 Female (5) 115.6 12.5 6.96 < 0.005
Termination 30 Female (5) k o .k ^•35 10.9 < 0.005
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TABLE V I I
COMPARISON OF THE NUMBER OF NERVES IN THE BASAL DISC OF ASEXUAL AND SEXUAL H. oligactis
Stage Day Animal Total mean no. 
of nerves in 
basal disc
S. D. »t* P
(asexual vs. 
sexual)
Asexual (11) 116.8 7.44
Proliferative 10
Determinative 15
Testicular 20
Termination 30
Male
Male
Male
Male
(5)
(5)
(5)
(6)
54.0
50 .0
56.0
44.0
3.Vi 
4.60 
4.86 
4.40
8.44
8.67
7.83
10.3
<  0.005
< 0.005
< 0.005  
<0.005
Proliferative 10
Determinative 15
Plasmodial 20
Termination 30
Female (6) 
Female (5 ) 
Female (5 ) 
Female (5)
58.6
44.0
56.8
33.2
5.91
3.52 
5*84
6.53
7.77
9.75
7-51
10.10
< 0.005
< 0.005
< 0.005  
< 0.005
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Fig. 2.2. Mean number of nerves in the gastric region of II. oligactis
during gametogenesis at 8°C. Values plotted along the ordinate 
(day 0) were obtained from asexual animals.
300
= Males 
= Females
100
\
3010 20
Days
Fig. 2 3* Mean number of nerves in proximal regions of H.. oligactis
during gametogenesis at 8°C. Values plotted along the ordinate 
(day 0) were obtained from asexual animals. Solid lines represent 
peduncular regions; broken lines represent basal discs.
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TABLE V I I I
COMPARISON OF NERVES IN MALE AND FEMALE H. oligactis DURING SEXUALITY
Day Region Male(+ S. D.) Female(+ S. D.) *t1 D. F. P
10 Tentacles 550.8 + 6.79 360.0 + 4.41 8.36 35 < 0.005
13 I I 412.8 + 6.83 206.9 + 3.58 8.76 32 < 0.005
20 I I 300.0 + 5.47 166.8 + 3.30 6.57 29 < 0.005
30 I t 309.6 + 5.19 128.4 + 4.03 9.09 33 <0.005
10 Hypostome 111.2 + 8.80 55.0 + 4.57 6.15 9 <0.005
15 11 120.4 + 5.04 56.8 + 4.13 9.77 8 < 0.005
20 i t 68.8 + 4.03 52.4 + 3.97 2.90 8 < 0.025
30 n 71.6 + 5.11 54.8 + 1.86 3.17 9 < 0.025
10 Gastric 3.6 + 1.17 0.4 + 0.4 2.85 9 < 0.025
i
15 m 1.2 + 1.20 0.0 + 0.0 0.0 8 > 0.50
20 11 0 .0 + 0 .0 0.0 + 0.0 0.0 8 >0.50
30 ti 0.0 Jr 0.0 0.0 + 0.0 0.0 9 >0.50
10. Peduncle 202.8 + 10.7 180.6 + 11.3 1.51 9 >0.10
15 ti 285.6 + 13.3 154.4 + 7.11 8.69 8 < 0.005
20 11 168.8 + 15.8 115.6 + 12.5 2.65 8 < 0.05
30 11 127.0 + 4.99 40.4 + 4.35 13.72 9 < 0.005
\
10 Basal Disc 54.0 + 3.41 58.6 _+ 5.91 0.70 9 > 0.50
15 II 50.0 + 4.60 44.0 + 3.52 4.04 8 > 0.25
20 II 56.0 jh 4.86 56.8 + 5.64 0.11 8 > 0.50
30 II 44.0 4.4o 33.2 + 6.53 10.10 9 < 0.005
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This pattern of reduction is similar in the other formative zones of the 
hypostome and peduncle.
Preliminary studies of female H. pseudoligactis and male H. fusca 
at the end of sexuality show an approximate reduction in the number of 
nerve cells of about 50 % ancl 20 % respectively.
DISCUSSION AND CONCLUSIONS
The nerves of several different species of asexual Hydra’ display 
a definite uniformity in distribution. However, specific differences are 
observed, primarily in the number and secondarily in the location of nerves. 
For example, larger species such as H. pseudoligactis possess more nerves 
than a very small species such as H. viridis (personal observation). The 
finding that the numerical ratio of distal to proximal nerves in H. olig­
actis is 2.5 may be significant in terms of the location of the budding 
zone which divides the animal into a distal:proximal longitudinal ratio 
of approximately 2.75* Preliminary examination of H. viridis indicates 
that both of these ratios approach a value of about 1.5* Haynes (19&7) 
attempted to analyze species-specific variations in form and growth 
pattern by measuring variations in metabolic activity of different regions 
in a variety of hydroid species. In view of the suggested significance of 
the nervous system (Burnett, 1966) a numerical correlation of proximal 
and distal nerves might prove useful in the analysis of species-specific 
forms.
Certain differences in the location of nerves have been found in 
this study. The position of the neural ring reported here differs from ■ 
that described by Davis et al. (1968) for H. pirardi. In addition, H. 
viridis appears to have a more or less continuous nerve net in contrast
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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to the discontinuous nervous system of other species. These differences 
may represent examples of definite species specific characteristics of 
possible taxonomic value.
Regardless of these variations, all species studied here, H. oli­
gactis , H. fusca, H. pseudoligactis, H. littoralis, and H. viridis, share 
common features. The existence of a well-defined ring of nerves in the 
hypostomes of each of these species probably represents one of the most 
primitive attempts of encephalization in the animal kingdom. All of these 
species possess two regions v/ith large numbers of nerve cells located in 
their distal and proximal extremities. This indicates that from a morph­
ological standpoint, at least, the distribution of nerves in Hydra is 
bipolar. It is important to note, however, that during the process of 
asexual reproduction, there is initially a difference in time for the 
establishment of polarized regions. That is, the first region of a newly 
forming bud to become innervated is the distal tip where the future . 
hypostome and tentacles will form (McConnell, 1932). The proximal portion 
of the bud does not become fully innervated until shortly after it be­
comes detached from the parent (Zeilig, unpublished observations).
Generally, the morphology of nerves described in this thesis
agrees with the several nerve cell types distinguished by other investi­
gators (Semal-Van Gansen, 1952; Burnett and Diehl, 1964a; Davis et al., 
1968). It is now possible, however, to resolve the ganglion cell type 
into three subtypes; short, medium, and long, each of which are confined 
to distinct regions in the epidermis of Hydra. Cytologically, nerve cells 
in three regions appear specialized for a secretory function: the medium 
ganglion cell of the proximal tentacle region, the long ganglion cell of 
the distal peduncle, and the short bipolar ganglion cell of the neural
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ring. All of these cells possess large nucleoli, basophilic cytoplasm, 
and vesicles containing.refractile granules within their neurites. These 
characteristics are typical of a synthetically active or neurosecretory 
type of cell. The medium ganglion cells of the distal tentacle and 
the proximal peduncle and basal disc regions lack such specializations.
It has been suggested that the neurosecretory cells and ganglion 
cells represent the same cell line in different stages of function and 
differentiation (Lentz and Barrnett, 1965). The present studies have 
shown that Hydra possesses three well-defined "formative zones" where 
nerves differentiate from I-cells: the hypostomal dome, the tentacle 
bases, and the distal peduncular region. Since undifferentiated I-cells 
are never found in the tentacles, distal hypostomal area, or proximal 
peduncle and basal disc regions, this supports the contention that the 
various nerve cell types in the proximal and distal epidermal regions 
of Hydra represent a continuous line of nerve differentiation.
At the present time, very little is known about the differentia­
tion and source of gastrodermal nerve cells. It has not been possible to 
determine whether I-cells differentiate into nerve cells in the gastroder­
mal layer or not. If they do not, then the only source for gastrodermal 
nerves must be,migration from the epidermis. If this does occur, the 
only likely areas for migration v/ould be through the mouth or anal pore. 
This latter possibility might be testable if ectodermal nerves could be 
radioactively labelled and the distribution and migration of nerves 
studied by high resolution autoradiography.
In Chapter I, specific questions were asked concerning the role 
of the nervous system during sexuality. It is now possible to provide 
answers to these questions. During sexuality, there is a statistically
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3^significant decrease in the number of nerves in both male and female 
animals. In most regions of Hydra this change occurs during the prolifer­
ative stage of gamete development before the sex of the individual polyp 
is determined. However, significant differences exist between animals 
entering odgenesis and spermatogenesis. As early as the proliferative 
stage females have significantly fewer nerves in their distal regions 
when compared to males. In contrast, the number of nerves in the proximal 
regions do not differ until the determinative stage or later.
These findings support those of Burnett and Diehl (196^b) who 
found that the number of nerve cells becomes decreased during sexuality 
but do not agree with their finding that sexual animals lack nerve cells 
entirely. The fact that the nervous system of males and females differs 
so early in the sexual period and is reduced in number does not exclude 
the possibility that nerves play some role in the initiation and deter­
mination of sexuality in Hydra.
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CHAPTER I I I
HISTOCHEMISTRY OF THE NERVOUS SYSTEM
t
Several investigators have identified neuropharmacological 
substances in Cnidarians utilizing both chemical and histochemical methods. 
Welsh (i960, 1961) has presented evidence for the presence of 5-hydroxy- 
tryptamine (serotonin, 5-HT) in the sea anemone and Hydra. The highest 
concentrations of this compound were found in the acontia and tentacles, 
the lowest in the body wall. Because of the high concentration of nemato- 
cysts in these regions it was thought that serotonin was confined to these 
cells, but Wood and Lentz (196*0 showed that ganglion and sensory cells 
also possessed 5-HT. They found that the highest concentration occurred 
in the tentacles and hypostome of Hydra. Kline and Weissbach (1965) re­
ported that large quantities of 5-HT were released by Hydra into solution 
after an electrical current was passed through the culture medium.
Wood and Lentz (196*0 presented evidence for the existence of 
epinephrine and norepinephrine in Metridium senile. These two catechol­
amines were found in the nerve cells of the gastrodermal mesenteries.
A slight norepinephrine reaction was found in small 'neuronal elements' 
in the epidermis. In whole mounts of Hydra, it appeared that norepin­
ephrine was confined to the ectoderm of the hypostome. These findings, 
when coupled with the histochemical localization of acetylcholinesterase 
(Lentz and Barrnett, 1962) led to the speculation that Hydra may possess 
adrenergic and cholinergic mechanisms.
Histochemical and ultrastructural studies indicate that Hydra 
also possess neurosecretory material (Burnett et al., 196*t; Lentz, 1965b; 
Davis et al., 1968) in ectodermal and tentacle base nerves. It is believed 
that the granules of neurosecretion represent a growth stimulator in 
Hydra (Lentz, 1965c; Burnett, 1966; Lesh and Burnett, 1966). While it 
is known that neurosecretory substances govern important metabolic or 
developmental processes in invertebrates,such as regeneration (Lender 
and Klein, 1961; Golding, 1967) and initiation of meiosis (Kanatani and 
Shirai, 1967), the exact functions of the catecholamines and serotonin 
remain obscure', especially-in such phyla as Platyhelminthes, Ctenophora, 
Porifera, and Protozoa.
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In Chapter II of this thesis, it was reported that the number of 
nerves was reduced in Hydra during gametogenesis. Therefore, it was of 
interest to correlate the fate of these compounds with the number of 
nerves in asexual and sexual animals. This chapter describes the histo­
chemistry of serotonin, catecholamines and neurosecretory substance
/
(N. S. S.) during the asexual and sexual phases of Hydra.
MATERIALS AND METHODS
For the histochemical localization of catecholamines, serotonin 
and N. S. S., 5 asexual, 5 male and 5 female animals were chosen at each 
stage during sexuality, fixed according to the requirements for each method, 
and examined either in whole mounts or in 10 u sections after paraffin 
embedding. Serotonin was localized.by the diazo method of Benditt and 
Wong (1957) after formalin fixation. Catecholamine distribution was 
studied by the chromaffin method of Wood and Barrnett (1964). N. S. S. 
was identified after fixation in Karpechenko*s, Bouin's and formalin 
solutions by the Cameron and Steele (1959) modification of Gomori's 
aldehyde-fuchsin technique (1950) and Leray and Stahl's (1961) modifi­
cation of Paget's (1959) aldehyde-thionin method. These various proced­
ures, optimized for use on Hydra, are given in full detail in Appendix 
II.
RESULTS
Distribution of 5-HT, Catecholamines and N. S. S. in 
Asexual Animals
In asexual H. oligactis a positive reaction for serotonin is 
found in nerve cells of the tentacle (Figure 24), tentacle base, hypostomal 
dome (Figure 25)1 and proximal peduncle and basal disc areas. Reactive 
granules are most often found in the perikaryon of these cells (Figure 26) 
and occur in both ganglion and sensory neurons (Figure 27 ). Occasion­
ally, a positive reaction is seen in nematocyst capsules, but only those 
in the tentacle region. In whole mounts (Figure 28) certain regions con­
centrate the stain moreso than others. These areas correspond to the 
regions where reactive nerves are found at higher magnification.
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Fig. 2 b , Nerve cells located in the tentacle of H. oli' 
gactis showing a positive reaction for sero­
tonin. Note droplets within the perikaryon 
(arrows). Formaldehyde, whole mount, Fast 
Garnet GBC. X 1400.
Fig. 25* Nerve cell located in the hypostomal dome
of II. oligactis showing a positive reaction 
for serotonin. Light areas (arrow) represent 
positive reactions. Formaldehyde,' 10 u, Fast 
Garnet GBC, red filter. X 2^00.
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Fig.25- Nerve cell located in the tentacle of H. olig­
actis showing a positive reaction for serotonin 
within the perikaryon (arrow). Formaldehyde, 
whole mount, Fast Garnet GBC. X 1000.
Fig. 26. Sensory neuron (small arrow) and ganglion 
cell (large arrow) in the hypostome of H. 
oligactis showing positive reaction for 
serotonin. Formaldehyde, 10 u, Fast Garnet 
GBC, red filter. X 2600. •f-<S
Fig. 27* Photomicrograph of asexual H. oligactis at 20°C showing the areas
of highest staining intensity for serotonin. Note that the tentacles 
and basal disc (arrows) are more intensely stained than the gastric 
region. Formaldehyde, whole mount, Fast Garnet GBC. X 20.
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It can be seen from Figure 27 that the areas of most intense coloration 
are the tentacles and basal disc. The hypostome and peduncle are stained 
less, and the gastric and budding regions least intensely. In sections 
little or no reaction can be seen in the gastroderm.
The distribution of the catecholamines is confined almost entirely 
to the gastroderm. A positive reaction for epinephrine was not observed
t
with the methods employed and norepinephrine appears to be the chief con­
stituent of gastrodermal nerve cells. A very slight positive reaction is 
found in ectodermal nerve cells of the hypostome and peduncle. Within the 
gastroderm the most intense reaction occurs in the hypostomal dome (Fig­
ure 28). Proximal to this region, norepinephrine is less concentrated.
Fig. 28. Photomicrograph showing a positive reaction for norepinephrine 
in the gastrodermal layer of the hypostomal dome. This photo­
graph was obtained from a whole mount of H. oligactis at 20°C 
by focussing through the epidermis or. to the gastrodermal layer. 
Dark granules represent positive norepinephrine reaction; E, 
hypostome; T, tentacles. Glutaraldehyde, potassium dichromate, 
whole mount. X 1^0.
t
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In asexual animals, nerve cells in tv/o regions have an affinity 
for aldehyde-fuchsin and aldehyde-thionin. Ganglion cells in the hypo­
stomal area exhibit large, densely staining granules about the perikaryon 
and extending into the neurites (Figure 2 $) • Differentiating I-cells 
in this hypostomal region also show numerous small granules in their 
cytoplasm. Ganglion cells in the peduncle possess a few small granules 
(Figure 30) which stain much less intensely than those found in hypostomal 
nerves; generally, these cells appear empty (Figure31 ).
Fig. 29. Photomicrograph of a ganglion cell located in the formative zone 
of the hypostome containing positively staining N.S.S. (large 
.arrow). Note small positively staining droplets in the differen­
tiating I-cell (small arrow). Formaldehyde, 10 u, aldehyde- 
fuchsin. X 2800.
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Fig.JO. Photomicrograph, of a ganglion cell located in Fig. 31. Photomicrograph of a ganglion cell located
the epidermis of the peduncle. Note the few in the peduncle stained for N.S.S. Note the
small granules of N .S .S .  (arrow). Formaldehyde, scarcity of positively staining droplets in
10 u, aldehyde-fuchsin. X 2600. the neurites (small arrows). Nerve cell body
(large arrow); g, gastrodermis; ra, mesoglea; 
.e, epidermis. Formaldehyde, 10 u, aldehyde- 
■' thionin. X 2600.
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In some regions of Hydra, nerve cells show a positive reaction 
for more than one neurohumoral substance; this may indicate that these cells
are specialized to secrete more than one chemical regulator or that some
regions possess more than one type of nerve cell. It is also important to
/
note that although the short bipolar ganglion cells of the hypostome and 
the long ganglion cells of the peduncle exhibit similar granules in their 
cytoplasm when stained with leucomethylene blue, only the hypostomal 
nerves in asexual animals exhibit similar granules when subjected to the 
neurosecretory stains. These findings do not support the contention of 
earlier investigators (Burnett et al., 196^) that the granules observed 
after application of leucomethylene blue are identical with those demon­
strated by the classical neurosecretory stains. The nature of the material 
stained by leucomethylene blue is not known but because the affinity of 
this stain for nucleic acids (Pearse, 1961), it is possible that the mat­
erial observed in the cytoplasm of nerve cells may represent some form 
of Nissl substance.
In Table IX, the relative number and distribution of nerves 
demonstrated by histochemical methods is compared to the number of nerves 
demonstrated by leucomethylene blue.
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TABLE I X
FREQUENCY AND DISTRIBUTION OF NERVES DEMONSTRATED BY HISTOCHEMICAL 
METHODS AS COMPARED TO VITAL STAINING WITH LEUCOMETHYLENE BLUE
CELL LAYER METHOD* REGION
Epidermis
Gastrodermis
LMB. SER. EPI. NOR.- A.-F. AT-NYS
X X X  XX X
X
Tentacles
Epidermis xx
Gastrodermis
Epidermis x
Gastrodermis
Epidermis
Gastrodermis
XXX
X  X X
X X X
X X
X  X X
X X
xx Hypostome
and Tentacle 
Base
Gastric
Region
xx Peduncle
Epidermis xx xx 
Gastrodermis
Basal Disc
♦LMB. = Leucomethylene blue 
SER. = Serotonin 
EPI. = Epinephrine 
NOR. = Norepinephrine
A.-F. = Aldehyde-fuchsin method for neurosecretory substance 
AT-NYS = Aldehyde-thionin-napthol yellow S method for N. S. S.
xxx = high concentration of nerves (>125) 
xx =' medium concentration of nerves (50-125) 
x = low concentration, of nerves (<50)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5k
Distribution of 5-HT, Catecholamines and N. S. S. in Sexual
Animals
The differences in the distribution and concentration of these
compounds in nerve cells of animals undergoing spermatogenesis or odgenesis
appear to be largely quantitative rather than qualitative. The most
/
sudden and obvious change is the intraneural concentration of serotonin.
As early as the proliferative stage, in both males and females, nerve 
cells are depleted of their'serotonin content. At all other stages 
during gametogenesis, nerves are never seen to regain a serotonin con­
tent comparable to the concentration found in asexual animals. It is 
interesting to note that this abrupt decrease in intraneural serotonin 
concentration persists equally in both males and females for the entire 
period of sexuality. In whole mounts, a curious pattern is observed; 
in contrast to asexual animals, the diazo method gives an intense reac­
tion throughout the entire body of the sexual hydra (Figure 35). This 
reaction, similar to the characteristic test for serotonin, is more 
diffuse than the granules found within nerve cells (cf. Figure 22)> and 
is equally distributed from 10 to 20 days after incubation at 8° C. At 
the termination of sexuality, this staining intensity decreases but re­
mains evenly distributed over the entire length of the animal.
During sexuality there is no increase in the amount of epinephrine. 
In contrast to asexual Hydra, norepinephrine becomes gradually reduced 
over the sexual period. In male H. oligactis this reduction is not ob­
vious until the end of the testicular phase. However, in female animals 
reduced amounts of norepinephrine are observed as early as 10 days.
At 30 days males still possess a hypostomal concentration of norepine­
phrine which is not evident in females.
From the results of.nerve cell counts reported in Chapter II,_ 
it was expected that the number of cells possessing an affinity for the 
neurosecretory stains would also be reduced during sexuality. When 
animals undergoing gametogenesis are examined for N. S. S. it is found 
that by 10 days both males and females possess reduced amounts of 
secretion in the hypostomal region. Throughout the course of sexuality 
males consistently exhibit a higher concentration of N. S. S. than females 
in this region but less than asexual animals This difference becomes less 
obvious at the termination of sexuality.
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F i g . 52. Photomicrograph of _H. oligactis 10 days after incubation at 8°C, 
showing the areas of highest staining intensity for serotonin. 
Note that the staining intensity is approximately equal through­
out .the body column. Compare this staining pattern with that ob­
served in asexual animals (Fig. 2?)• Formaldehyde, whole mount, 
Fast Garnet GBC. X 25*
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Examination of the proximal regions of sexual animals also reflects 
the distribution of nerves demonstrated with leucomethylene blue. The distal 
peduncular region appears devoid of nerves in both male and female animals. 
However, in contrast to the hypostomal region of these animals, nerves in 
this region stain more intensely for N.S.S. than those of asexual animals 
(Figure j k ) .  This change in activity occurs as early as the proliferative 
stage in both males and females. At the end of the determinative stage 
nerve cells located in the basal disc are also seen to possess an affinity 
for the neurosecretory stains (Figure 35)• In asexual animals nerves in 
the basal disc do not possess N.S.S. These results are summarized in Table 
X in which sexual animals are compared to asexual and males compared to 
females.
TABLE X
COMPARISON OF THE CONCENTRATION OF NEUROHUKORAL AGENTS BETWEEN ASEXUAL AND
SEXUAL HYDRA
Agent Sexual vs. Asexual Sexual vs. Asexual Male vs. Female 
(Intraneural cone - (Extraneural cone - 
entration) entration)
Serotonin Higher in asexual Higher in sexual No difference.
animals animals
Catecholamines Higher in asexual Higher in males.
animals
N. S. S. Higher in the hypo­ Concentration of Higher in the
stome of asexual N. S. S. extracted hypostome of
animals. Lov/er in from whole animals males. No
peduncle and basal capable of inducing difference in
disc of asexual tentacle formation the peduncle
animals. is greater in asexual and basal disc.
animals than in
sexual animals after
8 weeks incubation at
9 C. (Lesh and Burnett,
1966). '
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Fig. 33* Photomicrograph of a ganglion cell of the Fig. 
peduncle of II. oligactis entering the plas- 
modial stage of sexuality, ie. 15 days after 
incubation at 8°C, showing N.S.S.(arrow). 
g, gastrodermis; m, mesoglea; e, epidermis; 
n, nucleus. Bouin, 10 u, aldehyde-fuchsin.
X 1800.
J>k. Nerve cell from the basal disc of H. oligactis 
15 days after incubation at 8°C showing N.S.S. 
(arrow). Formaldehyde, 10 u, aldehyde-thionin.
X 1800.
Vji-v]
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DISCUSSION AND CONCLUSIONS
Cytological methods such as dissociation or leucomethylene blue
staining provide very little information concerning the nature or activity
/
of nerve cells in Hydra. Histochemical studies, however, have elucidated 
further the chemical nature of the secretion in hydroid nerves.
In asexual H. oligactis, the results of the diazo method for 
serotonin confirm the findings of Wood and Lentz (196^), that this com­
pound is found in high concentrations within nerve cells. However, the 
present studies have shown that serotonin is not confined only to the 
distal regions of the animal but are also found in the proximal areas.
The diffuse extraneural staining coincides with the locations possessing 
the largest numbers of nerves; areas lacking nerves, ie. the gastric and 
budding regions, possess much smaller amounts of serotonin.
Of the two catecholamines, norepinephrine and epinephrine, only 
the former was demonstrated. In contrast to the findings of Wood and 
Lentz (1964) for Hydra but in agreement with their results for Metridium, 
norepinephrine appears to be confined mainly to nerve cells in the gastro­
dermis. The highest concentration of norepinephrine occurs in the hypo­
stomal region of the gastrodermis and supports the results of these in­
vestigators. It is not known why the test for epinephrine proved negative; 
either this compound is absent from Hydra or the concentration is so 
small a more sensitive method must be applied for a positive reaction.
Regardless of any method used to demonstrate N.S.S., the results 
must be interpreted with care. Gabe(l966) states that although these 
techniques demonstrate N.S.S. with remarkable selectivity, "specific 
staining of the product of neurosecretion does not exist, and failure to 
remember this has led to a number of very regrettable errors." In mam­
malian neurosecretory cells it has been found that the compound staining
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with these methods is a carrier protein rich in cystine called neuro- 
physin and not the postpituitary hormones (Acher, 1958).
In consideration of these findings, the existence of some stain- 
able material in nerves of the oral ring has been demonstrated and confirms 
the results of Burnett and Diehl (196^). Whether this material represents 
the tentacle growth stimulator (Burnett, 1966 ; Lesh and Burnett, 1966) 
cannot be confirmed until more is known about its chemical nature and 
site of action. The finding that nerve cells of the peduncle possess 
some affinity for the neurosecretory stains is in agreement with the recent 
report of Davis at al. (1968) that these cells possess ultrastructural 
features indicative of a secretory function. It how seems apparent that 
in addition to the morphological bipolarity in the distribution of the 
hydroid nervous system, there is also a functional bipolarity with re­
spect to serotonin and N.S.S., but not norepinephrine. It cannot be con­
cluded, however, that the material in the distal and proximal regions 
demonstrated by the neurosecretory stains is chemically and functinally 
the same.
The results of the histochemical studies on sexual _H. oligactis 
provide important clues to the understanding of the initiation and deter­
mination of sexuality in Hydra. The most drastic and sudden change during 
the early stages of sexuality is the depletion of intraneural concentrations 
of serotonin, while simultaneously the middle regions acquire higher 
extraneural concentrations of serotonin. These results are consistent 
with the suggestion that the nervous system might be the primary mediator 
of extrinsic influences such as heavy feeding and temperature shock.
The exact role of serotonin is not obvious from these studies. 
However, the release of this compound from'nerve cells in response to the
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cold shock may suggest voiding of other biologically active substances 
of significance in the control of sexuality.
It is not known what role, if any, norepinephrine plays in the 
process of sexuality. Because of the differential intraneural concentration 
of this compound between males and females, however, the possibility 
that this compound contributes in some way to the determination of sex 
cannot be excluded. It is equally possible that this difference has no 
causal significance at all, but rather is a consequence of some other 
fundamental difference between males and females. In either event, when 
compared to asexual animals, females exhibit a more extreme departure 
from asexuality than males.
A similar argument can be advanced for hypostomal N.S.S. in 
sexual animals. Females possess smaller amounts of N.S.S. than males and 
in both cases less than in asexual animals. This supports the hypothesis 
of Burnett (1966) and Burnett and Diehl (I96^ fb) that the intraneural 
concentration of N.S.S. becomes reduced during sexuality. These obser­
vations are not unexpected in view of the numerical reduction in nerve 
cells which occurs during the course of the sexual period.
As has been alluded to earlier, what is observed within nerves 
may have little relation to the concentration of neural substances in the 
surrounding tissues, depending on the type of secretory cycle exhibited 
by a particular cell. In the case of a continuous secretory cycle, 
neurosecretory cells maintain a steady state level of material with the 
rate of elaboration equal to the rate of discharge. These cells are 
considered to be functionally stable. In a discontinuous cycle, a steady 
state level is not maintained, secretory material is at first accumulated 
within the cell, and then subsequently released at one time.
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• Cytological studies indicate that the neurosecretory cells in 
Hydra represent a transitory stage during the differentiation of I-cells 
into ganglion cells. The duration of the secretory cycle can be no longer 
than the time it takes for the newly differeni5_ated nerve cell to migrate
from the formative zones to the extremities of the animal. In sexual 
animals the secretory cycle may become extended because of the reduced 
rate of cell migration and turnover (Burnett and Diehl, 1964b). However, 
in both sexual and asexual animals the morphology and life of the neuro­
secretory cell is unstable and indicates a discontinuous secretory cycle.
It seems reasonable to suspect that the cold shock may act to 
stimulate the release of neural contents and that initially the tissues 
of sexual animals receive a greater than normal supply of N.S.S. in a 
manner analogous to the situation observed for serotonin. Since there is 
some replenishment of nerve cells in males, but little or none in females 
during sexuality, it is possible that males receive a larger continued 
supply of one or more substances throughout the course of sexuality. 
However, it is premature at this time to conclude that these observations 
reflect a sex-determining mechanism in Hydra, any moreso than do the 
differential levels of norepinephrine in sexual animals. Both of these 
possibilities could be tested by exogenous administration of either 
norepinephrine or hypostomal extracts to animals entering oSgenesis.
In contrast to the findings in hypostomal nerves, proximal nerves 
exhibit greater amounts of N.S.S. during sexuality than during the asexual 
state. These results were unexpected because of the gradual decline in 
the number of nerves in the peduncle during sexuality. In light of 
ablation experiments (see Chapter IV) this material may play an important 
role in the sexual process.
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These results cast doubt on the hypothesis of Burnett (1966) that 
the initial stimulus for sexuality is a cessation of neurosecretion and a 
consequent reduction in the tissue levels of neurohumors or neurohormones. 
The intense cellular activity observed during,the proliferative stage may 
be the result of an increased extraneural concentration of one or more 
nerve cell substances.
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CHAPTER I V
MECHANISMS CONTROLLING SEXUAL AND ASEXUAL PROCESSES IN HYDRA
The results reported in Chapters II and III showed that two regions 
in Hydra, the distal and proximal regions, possess large numbers of 
nerves and that significant changes occur in the number and activity of 
these cells over the course of the sexual period. Therefore, addition­
al studies were undertaken to test the role of these regions during 
gametogenesis. The experimental design incorporated classical endocrin­
ological concepts of hyper- and hypofunction to elucidate the normal 
function of a particular region in vivo. This was accomplished by study­
ing animals whose hypostomes or peduncles had been surgically removed 
or by studying animals with more than one hypostome.
In view of the hypothesis that the nervous system plays an im­
portant role in asexual as well as sexual reproduction (Burnett, 1966) 
and that I-cells are intimately involved with the expression of both 
phenomena (Brien, 196O; Tardent, 1968) aspects of asexual reproduction 
were also investigated. The process of budding was studied in animals 
lacking either distal or proximal regions. Changes in asexual reproduction 
were also recorded during investigations concerned with the pharmacological 
alteration of the process of regeneration described below.
Another series of experiments were carried out to test individ­
ually the effects of some of the neurohumoral agents present in Hydra, 
acetylcholine, serotonin and the catecholamines. In these studies it 
was necessary to choose a bioassay system directly comparable to that 
of several other investigations. Therefore, the process of distal
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regeneration, i. e. regeneration of the hypostome and tentacles follow­
ing surgical ablation, was chosen for this purpose.
This kind of a study is significant in view of several other 
recent investigations. Lentz and Barrnett (“19^3) 1 employing several 
neuropharmacological inhibitors, were able to induce profound alterations 
in the pattern of distal regeneration. Particularly important was the 
finding that treatment with reserpine, an agent which causes the release 
of 5-HT and catecholamines from nerves (Wurtman and Zigmond, 1968), 
prevented regeneration. Treatment with hemicholiniura, an agent which 
prevents acetycholine synthesis by blocking entrance of choline into 
the cell and thus into the choline acetylase system (Goodman and Gilman,
1955)» produced animals with excess tentacles and abnormal hypostomes. 
These studies were instrumental in demonstrating the importance of the 
nervous system in regeneration. Lentz (1965c) and Lesh and Burnett 
(1966) tested the effects of a crude extract of whole hydra believed 
to represent the growth stimulator produced by hypostomal nerves (Burnett, 
1966), on distal regeneration. This crude extract was capable of inducing 
on the average one additional tentacle in H. pirardi. When tested on 
regenerating gastric annuli of H. pirardi as many as 45 tentacles devel­
oped. Lenicque (1966) tested the effects of the tranquilizer and tera­
togen thalidomide and crude extracts of whole hydra on regeneration.
They found that thalidomide was capable of reducing the number of ten­
tacles on regenerating hydra and that this effect was partially neutralized 
by the addition of the crude extract. Treatment with thalidomide resulted 
in abnormalities in the mesoglea and epitheliomuscular cells of the 
tentacle tips with the formation of a bulb of cells at the tentacle 
extremity.
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In the present study, to test the effects of serotonin, cate­
cholamines and acetylcholine on regeneration, pharmacological concen­
trations were used to simulate the hyperfunctional state. While the
hypofunctional state could be studied by surgical ablation, a more
/
specific method for studying hypofunction would be by chemical ablation. 
When possible this was accomplished by using agents known to block the 
synthesis of specific neurohormones. Since the catecholamines and 
serotonin are known to be mediated by cyclic-3',5'-adenosine monophosphate 
(cyclic AMP) in many other systems (Sutherland et al., 19&5; Sutherland 
and Robison, 1966; Blum, 1967; Hirata and Hayaishi, 1967), this possibil­
ity was investigated in Hydra.
MATERIALS AND METHODS
Simulation of the Hypo- and Hyperfunctional States During Sexual
Reproduction
The hypofunctional state was induced by surgical ablation of the 
hypostome or peduncle of II. oligactis and H. fusca. The remaining 
portions, either the gastric-hypostomal-tentacular or the gastric- 
peduncular-basal disc portion, were incubated at 8° C. and observed 
for 30 days without feeding. In most cases, regeneration was pre­
vented or retarded at this temperature and the effects of the absence 
of a particular region on sexuality could be observed.
In Chapter II, it was reported that in June 1968, cultures 
of H. oligactis underwent spontaneous spermatogenesis at 20° C.
This was followed by a condition known as adventitious budding
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(Hyman, 1928), characterized by the appearance of numerous tentacles 
and/or buds throughout the gastric column. Occasionally these adventitious 
buds grew to the same size as the parent hypostome (Figure 36).
Twenty of these abnormal animals, possessing at least 2 fully formed 
hypostomes and representing a hyperfunctional state, were transferred 
to culture medium at 8° C. These animals were observed for 30 days rath- 
out feeding to test the effect of more than one hypostome on the course 
of sexuality. Controls for these experiments consisted of intact animals 
which were incubated at 8° C. and not fed for the same period of time 
as the experimental animals.
Fig. 36. Adventitious budding in H. oligactis at 20°C. Note three fully 
formed hypostomes (large arrows) and normal peduncle (small 
x arrow). X 20
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Budding
When incubated at 8° C., some hydra from which hypostomes or
peduncles had been removed neither regenerated nor entered garaetogenesis.
/
These animals continued to produce buds over the J>0 day period of obser­
vation without feeding. This fortuitous occurrence allowed an investi­
gation of asexual reproduction during an artificially induced hypofunctional 
state.
During the experiments on regeneration control and experimental 
animals continued to bud. In these studies, the total number of new buds 
produced daily in each group was recorded and expressed as the budding 
ratio, i. e. the total number of buds divided by the sample size.
Bioassay for Neuropharmacological Agents - Regeneration
The choice of a suitable bioassay system in Hydra depended on 
three considerations. First, it was necessary to devise a method for 
introducing the test compound into the tissues since intact hydra are 
relatively impermeable to most exogenous free compounds (Burnett _et al.,
1 9 6 2 Second, an easily demonstrable morphological change, preferably 
amenable to quantitative analysis must be observed. Third, the spontan­
eous occurrence of such changes should be rare in the bioassay system 
used. All three of these requirements were met by studying tentacle 
regeneration in H. oligactis whose hypostome and tentacles had been . 
previously removed. Thus, exogenous chemicals could penetrate at the 
cut surface of the animal. The rate of tentacle regeneration was measured 
by determining the average number of tentacles appearing each day after 
distal excision. The duration of the regenerative period was determined 
by length of time necessary for regenerating controls to reestablish
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their normal complement of tentacles; six tentacles are characteristic 
for H. oligactis and regeneration was complete 5 days after distal ex­
cision under the conditions employed in this experiment. The mean num­
ber of tentacles was calculated by dividing the total number of tentacles
/
observed every 2b hours by the sample size. In each case the sample size 
was composed of 20 non-budding E . oligactis which had not been fed 
for 2b hours.
Experimental animals were placed in the appropriate solutions 
while control animals were placed in culture medium alone. The animals 
were transferred to fresh solutions every 2b hours. For each agent tested 
at least two different concentrations were used to elicit the maximal 
response in the experimental animals. Control and experimental animals 
were not fed for the duration of the regenerative period.
The following chemicals were tested in this study:
D ,L-norepinephrine-HCl „
* * Obtained from
D,L-serotonin-creatinine-sulphate complex Sigma Chemical
Cyclic-31,5'-adenosine monophosphate Missouri ^°U^S’
' Acetylcholine-Cl Obtained from
Calbiochem,D,L-p-chlorophenylalanine
Los Angeles, 
California
Anhydrous theophylline Obtained from
R. P. Scherer " 
Co., Windsor, Ont.
L-epinephrine Obtained from
British Drug 
Houses Ltd., 
Toronto, Canada
These compounds were dissolved in culture medium, stored at -20° C. 
or used immediately.
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RESULTS
Garaetogenesis During the Hypo- and Hyperfunctional State
The effects of surgical ablation on gametogenesis are summarized 
in Table XI. When the hypostome of H. oligactis is removed and the remain­
ing proximal portion incubated at 8° C., odgenesis proceeds normally 
(Figure 37; Table XI). _H. oligactis does not undergo spermatogenesis when 
not fed for 30 days, whether a hyppstome is present or not. No incidences
of sexual inversion are observed in the strain of H. oligactis used in
1
this study. In H. fusca, however, removal of the hypostome resulted in 
a significant number of sexual inversions with a total of 30% of the ani­
mals v/hich entered sexuality being female (Figure 38).
When the complementary experiment is performed by removing the ped­
uncles and basal discs from II. oligactis and H. fusca, both species react 
in the same way. Animals which fail to regenerate their missing proximal 
portions fail to undergo gametogenesis (Table XI).
Of the 20 H. oligactis possessing excess hypostomes 6 (30%) under­
went otigenesis. Two animals (1C$) did not enter the sexual phase at all. 
The remaining 12 hydra (60% ) exhibited peculiar cellular abnormalities in 
the ectoderm. Ten to fifteen days after incubation at 8° C. the ectoderm 
was swollen along the entire length of the animal. Squash preparations 
examined by phase contrast microscopy revealed that these swellings
**It is important to note that the clone of H. fusca used in this experi­
ment were derived from a clone originally obtained from Dr. A. L. Burnett 
(see MATERIALS AND METHODS, CHAPTER II) and used by Schincariol (1967) 
in his studies on spermatogenesis. These animals have been observed 
over a period of 3 years and have consistently undergone spermatogenesis 
without inversions of sex, whether they were fed or not (Schincariol, per­
sonal communication). Furthermore, II. fusca is considered to be strictly 
dioecious (Hyman, 1959)*
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TABLE X I
THE EFFECT OF SURGICAL ABLATION ON GAMETOGENESIS
Species Treatment Sample size Control animals or regen­
erates
% Male % Female % Asexual
Non-regenerates 
% Male % Female % Asexual
H. oligac­
tis
Control 75 8k 16
f t .  oligac- 
tis
Removal of 
hypostome 75 22.7 37-5 32 *8
H. oligac­
tis
Removal of 
peduncle
75 1.5 * 9 k . 7
H. fusca
H. fusca
H. fusca
Control
Removal of 
hypostome
Removal of 
peduncle
20
20
20
75
25
25
20
0
10 **to
"95
Approximately 30 to 50 per cent of these animals continued to produce buds.
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contained numerous interstitial cells. During this period and for the rest 
of the observation period ectodermal cells were sloughed off at the extrem­
ities of the animals exposing the gastrodermal layer beneath. Serotonin
(1.0 x 10 ^ M ), when applied to either the distal or proximal cut surface
/
of animals incubated at 8° C. for 5 days has been found to duplicate both 
the ectodermal swelling and cell sloughing observed in animals possessing 
excess hypostomes. After exposure to serotonin for 10 days at 8° C. the 
complete ectoderm is lost;when the remaining gastrodermal portion is trans­
ferred to culture medium without 5-HT, regeneration of a complete nev; ecto­
derm occurs in about 20 days.
Budding During the Hypofunctional State
The formation of a complete new hydra by budding, from the first 
out-pushing of the mesoglea in the budding region to the separation of 
bud from parent lasts no longer than 5 days at 20° C. in H. oligactis.
In animals which continue somatogenic instead of gametogenic processes 
when placed in culture medium at 8° C., formation of a complete bud occurs 
within ten days. In both cases, the formation of tentacles occurs just 
prior to the formation of a peduncle and basal disc.
Those hydra which lack either distal or proximal regions and which 
continue to bud at 8° C. (see animals marked with an asterisk in Table XI) 
produce buds with certain deficiencies. Buds produced by animals without 
hypostomes do not differentiate their own hypostomes and tentacles. Al­
though these buds lack a differentiated distal region, a complete and fully 
formed basal disc is present 10 days after incubation at 8° C (Figure 39)* 
Such animals do not form hypostomes or tentacles even after 30 days at this 
temperature. A similar process seems to be operative in animals lacking 
a peduncle and basal disc. When these hydra produce buds, the buds fall
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Fig* 39• H. oligactis (asexual) 10 days after removal 
of the hypostome and incubation at 8 ° C . Note 
the 2 buds which lack their own hypostomes 
but possess fully formed peduncles and basal 
discs (arrows). X
armifiitw
Fig. k O . H. olimactis (asexual) 30 days after removal 
of the peduncle and basal disc and incubation 
at 8°C. Note that the 2 buds that have not 
yet formed their own pedunc3.es. X 25*
v5
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to differentiate those proximal regions lacking in the parent animal even 
after 30 days (Figure 40).
The Effect of Neuropharmacological Agents on Budding 
During the course of the studies on regeneration, it was noted 
that certain of the compounds tested exhibited an effect on the number of 
buds produced during regeneration. These results are summarized in Table 
XII and are plotted in Figure 41.
In the present studies serotonin and theophylline result in the 
.production of 47# and 60$ fewer buds, respectively, than controls. However, 
cyclic AMP produces 37# more buds than controls. Acetylcholine and 
D,L-norepinephrine are also capable of increasing the number of buds by 
29# and 48#, respectively. Animals treated with L-epinephrine show the 
least effect and produce 20$ fewer buds than control hydra.
The Effect of Neuropharmacological Agents on Regeneration'
H. oligactis regenerate approximately 6 fully formed tentacles five 
days after transection. The rate of regeneration expressed as the mean 
number of tentacles appearing daily, is plotted in Figure 42 and summarized 
in Table XIII.
-4When hydra are incubated with 3*0 x 10 M serotonin, they fail 
to regenerate completely and exhibit an average of 2 fewer tentacles than 
controls (Figure 42; Table XIII). The possibility that this effect was 
mediated by intracellular levels of cyclic AMP was tested in two ways. 
Theophylline, an inhibitor of cyclic AMP phosphodiesterase, prevents the 
destruction of cyclic AMP and maintains the existing tissue concentration
of cyclic AMP (Butcher and Sutherland, 19&2). It is found that 2.0 x 10 ^ M
• - b
theophylline is capable of duplicating the effect of 5«0 x 10 serotonin
(Figure 42; Table XIII). In a second and more direct method, regenerating
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TABLE X I I
THE EFFECT OF NEUROPHARMACOLOGICAL AGENTS ON BUDDING
Species Treatment Days after 
removal of 
hypostome
No. of buds Budding
Ratio
H. oligac- 
tis~(20)
H. oligac- 
tis (l6T~
H. oligac­
tis (20)
H. oligac-
tis"T20T
H. oligac­
tis" (20)
H. oligac­
tis (20)’"
H. oligac- 
tisl20)“
Control 1 if 0.20
2 10 0 .50
3 13 0.65
b 13 0.75
5 16 0.80
Serotonin' 1 2 0.13
1.0 iqH 2 3 0.18
3 6 0.37
b 7 O.ifif
5 7 O.ifif
Theophylline 1 0 0.00
if.O mM 2 1 0.05
3 2 0.10
b 2 0.10
5 6 0.30
Cyclic AMP 1 2 0.10
0.35 mM 2 16 0.80
3 18 0.90
21 1.05
5 ' 2if 1.20
Acetylcholine 1 10 0.50
2.0 mM 2 16 0.80
3 21 1.05
b 21 1.05
5 21 1.05
D,L-Norepin­ 1 9 0.if3
ephrine 2 19 0.95
0.1 mM 3 21 1.05
if 23 1.13
3 2b 1.20
L-Epinephrine 1 2 0.10
0.1 idM 2 9 0.if5
3 11 0.55
b 11 0.55
5 12 0.60
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Fig. 4-1. The effect of neuropharmacological agents on budding.
® ------ ©  Control
x o —  — — o 0.1 mM D,L-Norepinephrine 
o —  •—  — -o 0.33 mM Cyclic AMP 
a — » —»— fA 2.0 mM Acetylcholine
 ........ 0.1 L-Epinephrine
. * . ■ .a 1.0 mM Serotonin
x— =— « x 4.0 mM Theophylline
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TABLE X I I I
THE EFFECT OF VARIOUS CHEMICALS ON DISTAL REGENERATION
Series Treatment Concen- Day Mean Number of S.D. *ti* P (Treated 
tration Tentacles/Animal Control)
Control 0 0.00 0.00 — —
(100) 1 0.13 0.34 — —
2 5.22 1.71 — —
3 5.01 2.11 — —
4 3-75 2.21 . — —
5 6.09 1.79 — —
Serotonin 0.5 mM 0 0.00 0.00 — __
(20) 1 0.00 0.00 —
2 2.50 0.78 — —
3 3.95 1.16 — —
4 4.50 1.19 — —
5 4.25 0.89 4.45 < 0.005
Serotonin 1.0 mil 0 0.00 0.00 __ -
(16**) 1 0.07 0.24 — —
2 0.15 0.33 — —
."3 0.18 • 0.53 — —
4 0.18 0.53 — —
5 0.25 0.66 12.8 <0.005
Cyclic AMP 0.35 mM 0 ' ,0.00 0.00 — —
(20) 1 0.10 0.30 — —
2 1.70 1.27 — —
3 2.80 1.94 — —
4 5.00 1.92 — —
5 5.30 2.05 6.15 < 0.005
Cyclic AMP 0.5 mM 0 0.00 0.00 — —
(20) 1 0.10 0.30 — —
2 0.50 0.64 — —
3 0.55 • . 0.53 — —
it 0.55 0.53 — —
5 0.35 0.53 13.9 <0.005
Theophyl- 2.0 mM 0 0.00 0.00 — —
line 1 0.00 0.00 — —
(20) 2 1.40 1.02 — —
3 2.30 1.01 —
4 3.30 1.55 — —
5 3.50 1.67 5.92 <0.005
Theophyl- 4.0 mM 0 0.00 0.00 — —
line 1 0.00 0.00 — —
(20) 2 0.10 0.30 — —
3 0.20 o.4o — —
4 0.60 0.58 — —
5 0.75 0.70 13.0 <0.005
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TABLE XIII (continued)
Treatment Concen­ Day Mean Number of S.D.
tration Tentacles/Animal
p-chloro- 2.0 mM 0 0.00 0.00
phenyl­ 1 0.33 0.43
alanine 2 6.10 1.34
(20) 3 7.25 1.87
4 8.00 2.45
5 8.00 2.45
D,L-nor~ 0.1 mM 0 0.00 0.00
epineph­ 1 0.33 1.39
rine 2 3.75 1.48
(20) 3 5.00 0.89
4 3.93 1.19
5 6.25 1.14
L-epi- 0.1 mM 0 0.00 0.00
nephrine 1 0.30 0.64
(20) 2 3.65 1.01
3 4.65 1.15
4 5.73 0.99
3 6.15 1.26
Acetyl- 1.0 mM 0 0.00 0.00
choline 1 0.15 0.56
(20) 2 3.75 1.10
3 5.50 1.45
4 5.65 1.28
5 5.95 1.07
Control 0 0.00 0.00
(20) 1 0.15 0.36
2 2.30 0.87
- 3 4.45 0.87
4 4.70 0.93
5 4.95 • 0.87
p-chloro- 4.0 mM 0 0.00 0.00
phenyl­ 1 5.35 0.97
alanine 2 7.30 1.87
(20) 3 7.30 1.52
4 7.7 5 1.70
3 8.00 1.58
•t•* P (Treated vs. 
Control)
4.04< 0.005
0.58 >0.50
0.14 >0.50
0.34 > 0.50
7.38 <0.005
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TABLE XIII (continued)
Treatment Concen­ Day Mean Number of S.D. •t»* P (Tr
tration Tentacle s/Animal 3 Co;
Control 0 0.00 0.00 « ...
(20) 1 6.45 2.01 - -
2 7.90 1.79 - -
3 7.90 1.70 - —
4 7.30 1.68 - -----
5 7.43 1.53 ------ -----
D ,11-nor­ 1.0 mM 0 0.00 0.00
epineph­ 1 6.10 0.89 -
rine 2 7.05 1.70 - -
(20) 3 7.50 1.69 -
4 7.40 1.28 - -
3 7.45 1.24 -
L- epi­ 1.0 mM 0 0.00 0.00 — •
nephrine 1 6.50 1.58 - -
(20) 2 7.43 1.43 - -
3 ■ 7.55 1.63 - -
4 7.^5 1.53 - -----
5 7-33 1.63 0.09 >0,50
Acetyl­ 2.0 mM 0 0.00 0.00 — —
choline 1 5.05 1.57 ----- ------
(20) 2 6.20 1.66 ----- —
3 6.75 1.62 ----- —
4 6.67 1.31 ----- -----
3 6.70 1.19 1.69 >0.10
* The values for the mean number of tentacles/animal obtained on day 5 
from treated animals were compared to control values on day 5 using 
the Student’s t-Test of Significance.
**0n day 1, the epidermis of 4 animals had sloughed. These animals were 
not included in subsequent readings.
\
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Pig. h2. The effect of neuropharmacological agents on tentacle regeneration.
 ^ Control
o------o 2.0 mM p-chlorophenylalanine
a...... a 0.5 mM Serotonin
x  * 2.0 mM Theophylline
B ..-n 0.35 mM Cyclic AMP
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mm > ^
hydra were exposed directly to 3*5 x.10 M cyclic AMP. This results in 
approximately the same level of inhibition as 5*0 x 10 M serotonin
(Figure k 2 ] Table XIII). Complete inhibition of tentacle regeneration can
-3 ~3be accomplished using 1.0 x 10 M serotonin, k . O  x 10 M theophylline
/
-L
or x 10 M cyclic AMP (Table XIII). If these animals are then trans­
ferred to fresh culture medium alone, complete regeneration occurs within 
15 days after transection.
Since it has been suggested that nerves are essential for distal 
regeneration (Burnett et al., 196*0 the possibility that the inhibiting 
action of serotonin on regeneration was related to the process of nerve 
cell formation was investigated. Control and experimental (treated with 
7.5 x 10 ^ M serotonin) animals whose hypostomes had been removed were stained 
with leucomethylene blue and the number of nerves at the regenerating 
surface were counted 12 and .36 hours after transection. At 12 hours 
control animals possess an average of 6^.0 nerves while serotonin treated 
hydra contain an average of 19-6 nerves at their respective regenerating 
surfaces. In both cases, the nerve cells are largely of the medium bi­
polar ganglion type. In addition, control hydra contain larger numbers 
of I-cells at the cut surface than experimental animals. By 36 hours con­
trol animals possess tentacle anlagen and an average of 13^.0 nerves at 
their distal end. Both types of nedium bipolar ganglion cells, those 
with and those without granules, are represented. In contrast to controls 
experimental animals at 36 hours have an average of 36.0 nerves, lack ten­
tacle anlagen, and contain large numbers of the isorhizoid type of nemat- 
ocyst. The results of nerve cell counts on control and serotonin treated 
animals are summarized in Table XIV.
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TABLE X IV
EFFECT OF SEROTONIN ON THE DIFFERENTIATION OF NERVES DURING DISTAL REGENERATION
Treatment Hr. after 
transection
Mean no. of 
nerves in iz 
distal surface
Total mean no. 
of nerves in 
distal surface
S. D.
(control vs. 
experimental)
Control (5) 12 32.0 64.0 3-46
Serotonin. (3) 
7.5 x 10 M 9-8 17.6 4.21 8.15 < 0.005
Control (5 ) 36
Serotonin (5) 38
67.0
18.0
134.0
36.0
14.10
9.32 5-81 < 0.005
00
ro
83
If this response represented some normal action of serotonin in 
controlling growth in Hydra and if a condition could be created artifici­
ally where normal levels of serotonin were reduced, then it might be poss­
ible to gain additional information concerning the role of this compound 
in regenerating hydra. This hypofunctional strte was achieved chemically 
by partially preventing de novo synthesis of serotonin using p-chloro- 
phenylalanine. This compound acts by inhibiting tryptophane hydroxylase 
and thus prevents the formation of 5-hydroxytryptophane, the immediate 
precursor of serotonin (Weissman, 1967)* Animals regenerating in either 
2 .0 x 10-5 M or *f.O x 10“^M p-chlorophenylalanine possess an average of 
about 2 tentacles more than regenerating controls (Figure b Z; Table XIII).
In addition, three types of abnormalities are observed. The least extreme 
is an aneurismal-like protrusion of the mesoglea similar to the first 
stage of bud formation except that it is located more distally than a 
normal bud (Figure ^3) and is often larger (Figure 4*0 than a bud pro­
trusion. This first type of abnormality usually progresses to more extreme 
abnormal forms. In some cases a single tentacle forms at the extremity of 
a protrusion (Figure b 5) and in others a complete new hypostome (Figure b Q  
or bud (Figure b 7) is produced depending on the size of the original pro-
—3
trusion. At 2.0 x 10 M p-chlorophenylalanine 8 of 20 animals (b0%) ex-
—3
hibited such abnormalities and at ^.0 x 10 M p-chlorophenylalanine 12 
of 20 (60%) were abnormal.
-3 -3
Acetylcholine (1.0 x 10 M; 2.0 x 10 M) , D ,L-norepinephrine 
(1.0 x 10 ^ M; 1.0 x 10 ^ m ) , and L-epinephrine (1.0 x 10-^ M; 1.0 x 10*"5 M) 
appear to have no significant effects on tentacle regeneration (Table XIII).
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Fig- ^3. Regenerated I I .  oligactis after 5 days treat­
ment with 2-0 mM p-chlorophenylalanine. Note 
the aneurismal-like protrusion (arrow). X 20
Fig. Vt. Regenerated E. oligactis .3 days after treat­
ment with 2-0 mM p-chlorophenylalanine. Note 
large protrusion of body wall (arrow). X 20.
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Fig. ^5. h. oligactis allowed to regenerate for 5 days 
in 2.0 mM p-chlorophenylalanine. A protrusion 
in the body wall gave rise to a tentacle (arrow) 
at its extreme tin. X 20
Fig. ^6. p-Chlorophenylalanine induced supernumary 
hypostome (large arrow) on E. oligactis. 
Note normal bud in budding region (small 
arrow). X 20
03
Vjl
Fig. b j .  Abnormal bud formation induced by k . O mM p-chlorophenylalanine 
in. II. oligactis. Bud, large arrow; normal budding region, small 
arrow. X 25-
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DISCUSSION AND CONCLUSIONS
In view of the morphological and functional bipolarity of the 
nervous system, removal of these polarized regions produced interesting 
results. It has been demonstrated that surgical ablation of the hypostome 
does not prevent odgenesis from occurring. In the clone of H. fusca used 
for these experiments, however, a significant number of animals are pre­
vented from entering spermatogenesis, a process which normally occurs in 
the presence of a hypostome. Instead, these animals undergo otfgenesis. 
These results support the hypothesis of other investigators (Stagni, 1961; 
Burnett, 1966) that the hypostome of males produces a masculinizing factor 
which is capable of promoting I-cell differentiation into sperm, but pre­
vents ova formation. The basis of this hypothesis depends primarily on 
the observation of hermaphroditic forms in which testes are always located 
closer to the hypostome than ova (Stagni, 1961; Tardent, 1966) and on 
heterosexual grafting experiments (Pirard, 19615 Brien, 19^2, 1963) in 
which male lateral halves induced testes in complimentary portions of 
female animals. This hypothesis has been recently challenged by Tardent 
(1968) who found that when male peduncles are substituted for the same 
portion on females by grafting, masculinization also occurs. If this 
induction is related in some way to the traumatization of grafting, then 
any graft combination, either heterosexual or homosexual, should result 
in masculinization. Tardent, in examining only heterosexual grafts, 
failed to include the proper homografts as controls. This failing tends 
to obscure any conclusions which can be drawn from his experiments at
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this time. If the peduncle does contain a masculinizing factor, then by- 
grafting progressively smaller proximal portions, one would expect that 
at some critical level masculinization would not occur. Future studies 
should include these experimental variations.
In contrast to distal ablation, proximal ablation prevents both 
spermatogenesis and of/genesis from occurring. In consideration of this 
finding and also that high levels of N.S.S. are normally produced in 
this region during the sexual period, it now seems necessary to postulate 
some role for the peduncle and basal disc in sexuality. This possibility 
gains support v/hen it is realized that buds never enter sexuality (Schin- 
cariol, personal communication; Zeilig, unpublished data) and that newly 
forming peduncles of these buds lack nerves (McConnell, 1932).
Animals possessing two or more hypostomes and one peduncle and 
basal disc are capable of completing gametogenesis. Hov/ever, these hydra 
exhibit one abnormality; they produce larger than normal numbers of I- 
cells to such an extent as to cause the entire epidermis to swell. This 
can be contrasted to the normal situation in which there are only local­
ized pockets of proliferating I-cells, each of which forms a discreet testis 
or ovum. Animals with only two hypostomes and no proximal structures are 
capable of entering the proliferative stage but fail to continue into the 
determinative and subsequent stages of sexuality.
Since serotonin is produced in the peduncle, as well as in the 
hypostome, this compound was tested for its ability to restore the function 
of the missing peduncles and basal discs in sexuality. The results of this 
experiment show that serotonin does not restore this hypofunctionality. 
However, treatment with serotonin appears to mimic the condition exhibited 
by animals with excess hypostomes, and of equal importance, does so when
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applied to either the proximal or distal end of hydra. These results 
indicate that although serotonin may play some role in the proliferative 
stage of sexuality, it seems unlikely that it is the proximal factor 
which permits gametogenesis to proceed beyond, the proliferative stage.
This evidence also indicates that there is a physiological bipolarity 
in the control of sexuality in addition to the morphological and functional 
bipolarity exhibited by the nervous system.
The experiments on asexual growth processes provide further in­
formation for the evaluation of the growth model of Hydra proposed by 
Burnett (1966). Lesh and Burnett (196^ 1966) have isolated a crude 
polypeptide fraction from whole hydra, capable of inducing tentacle 
formation. These investigators suggest that this material arizes from 
the hypostomal neurosecretory cells and that it is also a specific stim­
ulator of budding. Although Lesh and Burnett (1966) have clearly demon­
strated that this material does induce tentacle formation, no experimental 
evidence has been offered to support their hypothesis that it also initiates 
bud formation. The ablation experiments reported in this thesis indicate 
that buds can'form in the absence of a hypostome. However, these buds 
fail to differentiate tentacles and hypostomes, the very same structures 
lacking in the.parent animals. It is possible to interpret these results 
in terms of Burnett's growth model by assuming that there was enough of 
the hypostomal factor left in the tissues of the parent to stimulate the 
formation of a bud but not enough to induce tentacle and hypostomal dif­
ferentiation in the bud. If this was the case it might be expected that, 
first, regeneration of the parent might take priority over the initiation 
of buds and, second, additional buds should not be produced if there was 
not enough hypostomal factor to stimulate the complete differentiation of
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the first bud. However, regeneration does not occur in the parent and more
than one deficient bud per animal,-is produced. The alternate interpreta-
/
I
tion of these results is that if ,a_specific stimulator of budding exists 
it is not the material isolated by Lesh and Burnett (1966) and it may be 
produced by regions other than the hypostome.
In either event, it appears that the hypostome does produce a
\
factor which presumably diffuses through the intracellular spaces (Lentz,
1966) to the budding region and exerts an influence on differentiation at 
a considerable distance from its original source. If this interpretation 
is valid, then this material conforms to the classical concept of a true 
hormone.
When the peduncles and basal discs are removed a budding anomaly 
analogous to v/hat is observed in animals without hypostomes occurs; new 
buds are initiated, but fail to acquire their own peduncles and basal discs 
and remain attached to the parent for extended periods of time. This 
finding alone is not sufficient evidence to suspect that, like the hypo­
stome, the peduncle is also capable of producing a factor controlling the 
formation of proximal structures. However, other lines of evidence sug­
gest that this possibility does exist: 1) this region possesses a large 
concentration of nerves which exhibit neurosecretory properties;
2) spontaneous regulatory aberrations, which can occur in the form of 
excess distal structures, can also occur in the form of excess proximal 
structures (Hyman, 1928); 3) the proximal region has been shown to be 
essential for gametogenesis; and k ) crude extracts from whole Hydra are 
capable of inducing regenerating gastric annuli to form excess peduncles 
and basal discs (Lesh and Bux-nett, 1966). Although these latter investi­
gators attributed no particular significance to the occurrence of excess 
peduncles, such studies may well support the existence of a peduncular
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factor. Verification of the presence of such .a substance must depend on 
the isolation of this material from peduncles and a demonstration of its 
peduncle inducing capacity. If such a material exists, it should be 
capable of overcoming distal polarity in high(enough concentrations, 
ie. it should be able to prevent normal hypostomal reconstitution and 
produce hydra with peduncles and basal discs at either end of the gastric 
column.
Preliminary results indicate that certain neurohumors have a 
marked effect on the rate of budding in regenerating hydra. Most notable 
is the stimulatory effect of norepinephrine. Two independent lines of 
evidence support the hypothesis that this response is operating through 
a pre-existing normal pathway in Hydra. First, if the mechanism of nor­
epinephrine action observed in Hydra conforms to its mechanism in other 
systems (Sutherland, 19&2) then cyclic AMP should produce a similar effect. 
Furthermore, since cyclic AMP is an intracellular mediator, any response 
to this compound indicates that the particular cell in question possesses 
the biochemical specializations capable of responding directly to cyclic 
AMP. It has been found that cyclic AMP stimulates budding, but is less 
effective on an equimolar basis than norepinephrine, as might be expected. 
Second, if norepinephrine is produced by and released from nerve cells, 
then acetylcholine, which is capable of stimulating the release of nor­
epinephrine (Poisner and Trifard, 1967), should also stimulate budding. 
Acetylcholine does stimulate budding to approximately the same extent 
observed v/ith norepinephrine or cyclic AMP, but only in extremely high 
concentrations.
These results suggest that norepinephrine may be the natural 
initiator of the budding process. However, this conclusion is not warranted 
at the present time. An alternate explanation might be that norepinephrine
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(operating through the adenyl cyclase system) and acetylcholine both 
act indirectly by stimulating the release of some bud initiating com­
pound- Although norepinephrine has naver been shown to possess this abi­
lity, cyclic AMP has been implicated in the release mechanism of growth 
hormone from mammalian pituitary (Schofield, 1967a,b) and the release of 
insulin from the mammalian pancreas (Turtle et al., 1967; Melaisse et al«,
1967). The important conclusion to be drawn from the present studies is 
that there appears to be a specific "trigger” mechanism for the initiation 
of budding. It is not known whether norepinephrine acts directly or in­
directly on this process.
It is important to note that any conclusions drav/n from these 
studies are made on the basis of their analogy to other bacterial, in­
vertebrate and vertebrate systems. Positive verificarion that such bio­
chemical specializations exist in Hydra must await the identification 
of adenyl cyclase and the particular cell types which possess receptor 
sites capable of responding to norepinephrine.
The results of serotonin on budding are even more equivocal than 
those with norepinephrine. Serotonin exhibits a marked inhibitory effect 
on budding. Since serotonin has been shown to be mediated by cyclic AMP 
in the liver fluke Fasciola hepatica (Mansour _et al., i960) it would be 
expected that, if Hydra possessed the adenyl cyclase system, theophylline 
and cyclic AMP would duplicate the response given by serotonin. This 
should also be the case for norepinephrine. As has been discussed earlier, 
cyclic AMP does not inhibit budding but stimulates it! Theophylline, 
however, does inhibit budding.
The apparent contradiction in these results cannot be resolved 
with the information available at the present time. As yet, no definite
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information is available concerning such problems as possible differential 
cell permeability, receptor site specificity, and the roles of the gastro- 
derrnal, epithelio-muscular, and interstitial cells in the process of 
budding. If the interpretation of these results is correct, then it 
would be particularly useful to know which cells can bind serotonin or 
norepinephrine. The present studies indicate that serotonin is confined 
primarily to the ectodermal layer and can affect both I-cells and epithelio- 
muscular cells. Since norepinephrine appears to be found in the gastro- 
dermal layer, it is possible that the target for this compound is the 
digestive cell. Autoradiographic binding studies employing labelled 
serotonin or norepinephrine might help to substantiate these findings.
Epinephrine appears to have no significant effect on budding.
This result, if interpreted correctly, is of particular interest since 
it provides some indication of the specificity of the norepinephrine 
receptor site. Furthermore, if Hydra is capable of synthesizing epinephrine, 
no indications of its function have been provided by these and other 
studies (Lentz and Barrnett, 1962a.; 1963)*
Of all the compounds tested for their effects on distal regenera­
tion only serotonin, cyclic AMP, theophylline, and p-chlorophenylalanine 
exhibited any effects. In view of the stimulatory effects of norepineph­
rine on budding, it would be necessary to produce a hypofunctional 
condition with respect to this particular compound before concluding 
that it does not play a role in regeneration. This can be accomplished 
using alpha-methyl-para-tyrosine, a specific inhibitor of the first and 
rate-limiting enzyme, tyrosine hydroxylase, in catecholamine biosynthesis 
(Engelman et al., 1968).
In contrast to the equivocal results obtained in the budding
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duplicated by both cyclic AMP and theophylline. These results conform to 
the pattern observed with other hormones which are mediated by cyclic
AMP (Handler et al., 1965; Baba et al., 1967; Grahame-Smith et al., 1967).
/
Any results which show inhibition of regeneration are suspicious 
since it cannot be ascertained with certainty whether this is an artifact 
due to toxicity. Despite the fact that serotonin occurs normally in Hydra 
and that its inhibitory effects appear to be mediated by an entirely 
normal mechanism, ie. the adenyl cyclase system, further proof was sought 
in these studies. This proof is provided for by the results of p-chloro- 
phenylalanine on regeneration. If serotonin is a natural inhibitor or 
regulator of growth in Hydra and if it is produced by biochemical path­
ways analogous to vertebrate systems, then by reducing its concentration, 
some expression of excess growth would be expected. The results confirm 
this prediction and support the postulated inhibitory role of serotonin.
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CHAPTER V 
GENERAL DISCUSSION AND CONCLUSIONS
I
In consideration of the results reported in this thesis and those of 
several other investigators, it now appears necessary to alter our concept 
of sexuality in Hydra. Previously, most species of Hydra were considered 
to be strictly dioecious (Hyman, 1959)* Burnett (1966) has suggested that 
all species may possess hermaphroditic potential. Tardent (1966) has shown 
that H. attenuata is capable of exhibiting hermaphrodism, but under lab­
oratory conditions individuals usually remain faithful to either one of 
the sexes for long periods. The present studies indicate that when sub­
jected to the proper environment, H. oligactis and H. fusca possess the 
capacity to differentiate spermatozoa or ova. In addition, although both 
H. oligactis and H. pseudoligactis normally undergo oUgenesis when sub­
jected to lowered temperatures, both of these species have been observed 
to undergo spermatogenesis spontaneously at 20°C (Burnett and Diehl, 196^). 
These latter observations provide further support for the hypothesis that 
oUgenesis represents a more extreme departure from the asexual condition 
than is spermatogenesis. In addition it is possible to exclude a genetic 
determination of sex cells in Hydra since the I-cell apparently possesses 
a genome containing male and female potentialities. Gametogenesis can, 
therefore, be considered to be a true differentiation phenomenon in which 
environmental or hormonal factors seem to decide the destiny of the cell. 
within the range of its genetic potential (Tardent, 1968). This concept 
has been applied to other invertebrates and Bacci (1950) has suggested 
the term "nonbalanced hermaphrodism" to describe it.
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Although temperature change appears to be the most consistent 
initiator of sexuality (Park et al., 1965), the organismic or cellular 
environmental factors which determine the sex of the individual polyp 
remain largely unknown. The present studies have shown that state of 
nutrition in EE. oligactis can influence the fate of the differentiating 
I-cell. If the nervous system is involved in sex determination, a study 
of the effects of starvation on the number and activity of nerves might 
elucidate further the intrinsic cellular events associated with sexuality.
In nature it would be expected that initiation and determination 
of gamete differentiation would be triggered or influenced by environ­
mental factors. If one considers the ecology of Hydra, some mechanism 
must insure that both males and females be represented simultaneously.
Under laboratory conditions, usually only one sex is represented. One 
might suspect temperature change or day length as factors in sex initiation 
since sexuality usually occurs in the spring and fall (Park et al., 1965). 
For sex determination, a more subtle mechanism must be involved, ie. some 
factor which could alter the microenvironment of a single polyp. It is 
tempting to speculate that small regional variations in the availability 
of food might account for sex determination.
In order to account for sexuality in Hydra it is necessary to 
explain the following events: 1) cessation of asexual growth processes, 
ie. cessation of budding, regeneration, and reduced somatogenic differ­
entiation of I-cells; 2) initiation of sexual processes, ie. mitotic 
proliferation of I-cells; 3) migration of I-cells into discreet gonadal 
structures; b) determination of sex.
Evidence has been presented in this thesis which suggests that 
one of the first responses of H. oligactis to cold shock is the release
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of serotonin and perhaps other substances from the nervous system into 
the tissues of the gastric region. By the end of the proliferative stage 
bud formation ceases and large numbers of I-cells distend the epidermis.
In view of the distribution and effects of serotonin on Hydra, this 
compound must be considered as a possible mediator of the events which 
occur soon after polyps are exposed to the cold shock. Since serotonin is 
capable of suppressing budding, regeneration, and nerve cell differentiation, 
it is suggested that cessation of asexual growth processes depends on the 
increased tissue levels of this compound in sexual animals. If this hypo­
thesis is correct, then the decrease in the number of nerves during 
sexuality can be explained on the basis that the differentiation of nerves 
is suppressed while fully differentiated nerves continue to be lost at 
the tentacle extremities and basal disc. That males appear to be better 
able to recover after the termination of sexuality (Hyman, 1928) may be 
related to the observation that males continue to differentiate some nerves 
during sexuality whereas females usually do not. If high levels of serotonin 
are necessary for the initiation of sexuality, then this hypothesis could 
be tested by allowing hydra, from which both hypostomes and peduncles 
have been removed, to regenerate in p-chlorophenylalanine and then sub­
jecting them to cold shock.
Hypostomal ablation does not prevent the initiation of sexuality, 
but ablation of the peduncle and basal disc does. These results may be 
interpreted in two ways. In the first, the initiation of sexuality could 
be considered to be a threshold phenomenon in which both the distal and 
proximal regions produce a specific and diffusable initiator of sexuality.
In this hypothesis the proximal regions alone would produce a concentration 
of the initiator sufficient to exceed the threshold for sexuality while 
the hypostome alone would not. A second interpretation would assume that
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the hypostome plays no role at all in the initiation of sexuality and that 
the proximal regions produce a gametogenic initiator not found in the hypo- 
stome. Since serotonin appears to he able to duplicate the proliferative 
stage of sexuality in the absence of either proximal or distal structures, 
the former hypothesis is favoured.
If this interpretation is correct, then cessation of asexual growth 
and initiation of sexual processes may be the result of increased tissue 
levels of serotonin. Whether serotonin is the causitive agent for cellular 
proliferation or acts by preventing the differentiation of I-cells into 
somatic cell types cannot be resolved at this time. The latter suggestion 
is favoured because serotonin does prevent nerve cell differentiation and 
at present no evidence exists supporting the concept of serotonin as a 
mitotic stimulator in other invertebrate or vertebrate systems.
The problem of I-cell migration in asexual animals during regen­
eration (Burnett et_ al., 196*0 and in sexual animals to form discreet and 
organized testes or ova is an intriguing one. It is difficult to explain 
this process without invoking some chemotaxic mechanism (Trinkaus, 1965)? 
however, this problem is beyond the scope of the present studies.
At least two models for the determination of sex in Hydra can be 
postulated on the basis of the evidence provided in this thesis and by 
other investigators (Stagni, 1961; Burnett, 1966). The first of these 
assumes that there are two different factors controlling gametogenesis.
One, a "proximal factor", plays a permissive role in sexuality, ie. it 
must be present in a specific concentration to allow gametogenesis to occur. 
The second, a "distal" or "masculinizing factor" (Tardent, 1968) deter­
mines the sex of the polyp; the higher the concentration, the more likely 
spermatogenesis will predominate over oifgenesis. In the second model it
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is assumed that the proximal and distal factors are identical. This model 
implies that sexual determination, like the initiation of sexuality, is 
also a threshold phenomenon. This would mean that in order for otfgenesis 
or spermatogenesis to begin, a certain basal JLevel of a sex factor is 
necessary, and is provided by the peduncle and basal disc. The in situ 
concentration of this factor, derived solely from proximal regions, would 
allow otfgenesis to occur. If its concentration is increased above the basal 
level by a critical amount, spermatogenesis occurs. One would postulate 
that the hypostome is the source of this additional sex factor. This 
model does not preclude the possibility that under certain conditions 
(Tardent, 1968) the peduncle and basal disc could produce enough of this 
factor to exceed the threshold for spermatogenesis.
The hypothesis that the initiation, determination, and completion 
of sexuality in Hydra depends on some inhibitory substance,such as sero­
tonin, and one or two additional factors is quite dissimilar from the 
model proposed by Burnett (1966). According to this investigator, initia­
tion of sexuality occurs because of the cessation of neurosecretion. As 
a result, mitotic activity ceases, the inhibitor produced by dividing 
cells becomes reduced in concentration, and garaetogenesis occurs. Spermato­
genesis occurs in the presence of reduced amounts of the hypostomal stim­
ulator, ie. hypostomal N.S.S. ; oiJgenesis occurs in the absence or in the 
presence of trace quantities of N.S.S. Burnett's model fails to account 
for the increased mitotic activity during the first 15 days of sexuality 
(Schincariol, 19&7) 1 the increased activity of proximal neurosecretory 
cells, and the increased tissue levels of at least serotonin and possibly 
other neural substances. Lastly, if Burnett's model is correct, removal 
of the peduncle and basal disc should have no effect on gametogenesis.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
It was not the original intent of this thesis to suggest models 
of asexual growth processes and form regulation in Hydra. However, it 
now appears that the model proposed by Burnett (1966) must be revised in 
order to explain several recently discovered characteristics of growth 
in Hydra. (Campbell, 1967a, b, c; MacWilliams and Kafatos, 1968).
The theory of physiological dominance has been advanced in one 
form or another to account for the organizing potential of the hypostome 
by a variety of investigators (Tripp, 1928; Yao, 19^5a, b, c; Tardent, 
i960; Burnett, 1961, 1966). It has been demonstrated that the hypostome 
exerts two forms of dominance over proximal regions, a stimulatory or 
organizing effect on tentacle formation (Lentz,1965c; Lesh and Burnett, 
1966) and an inhibitory effect on hypostomal regeneration and budding 
(Lehhoff, 1957j Lenhoff and Loomis, 1957; Burnett, 1961), Burnett (1966) 
postulated that the inhibitor was produced as a byproduct of dividing 
cells in the subhypostomal growth region and budding zone. This hypo­
thesis appears to back experimental support and contradicts the earlier 
findings of this investigator (Burnett, 1961) and others (Lenhoff, 1957; 
Lenhoff and Loomis, 1957)* All of these studies indicate that either 
the hypostome or tentacles are the source of the inhibitory principle. 
Furthermore, the...subhypostomal growth region and budding zone do not 
exhibit mitotic indeces significantly different from the entire gastric 
region (Campbell, 1965j Campbell, 1967a, b, c; Clarkson and Wolpert,
1967; Park etal, 1968). In view of these findings, the pattern of 
inhibitory gradients (see Figure 5) as originally outlined by Burnett 
(1966) appears doubtful.
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It may be asked whether the other polarized region, the peduncle 
and basal disc, exhibits any form of physiological dominance. Prelimin­
ary evidence suggests that like the hypostome and tentacles, the proximal
I )
regions possess both an inductive and inhibitory dominance over the 
adjacent gastric tissues. Yao (19^5=0 found that a basal disc grafted 
into the mid-gastric region of hydra induced gastric tissue to differen­
tiate into cells characteristic of the peduncle. The possible existence 
of a peduncle inducing factor has been discussed previously (see 
Chapter IV) and attempts to isolate this factor are currently being 
pursued in this laboratory. MacWilliams and Kafatos (1968) have demon­
strated that the basal disc is also capable of inhibiting basal disc 
regeneration. These studies emphasize further the bipolar nature of 
Hydra.
It may be inferred that in normally functioning Hydra, these 
distal and proximal inhibitory factors act to control the expression of 
tentacles and/or hypostomes and peduncles, and possibly to define the 
d5.mensions of growth. According to the growth models of Tripp (1928) 
and Burnett (1966) and in view of the findings of Yao (19*+5a) and Mac- 
V/illiams and Kafatos (1968), maintenance of form in Hydra is accomplished 
in two ways. Firs't, although cells are continually migrating distally 
and proximally, a given species of Hydra never exceeds a particular 
length because at some point an equilibrium is reached between cells 
Sloughed and cells replaced. Second, the formation of new centres of 
polarity; i.e. additional hypostomes and peduncles, is supressed. In- 
terms of the mode], of Burnett (1966), the inhibitor would act at the 
level of the neurosecretory cell by either preventing secretion of
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N. S. S. or suppressing the differentiation of neurosecretory cells from 
I-cells. In order to conform to the findings of Burnett (1961} and 
MacWilliams and Kafatos (1968), the inhibitor must be present in its 
highest concentration within the inhibited areas. Since serotonin is 
capable of causing cells to be sloughed, suppresses nerve cell differen­
tiation and regeneration, and is produced, by nerve cells within the 
inhibited areas, the possibility that this compound is identical with 
the inhibitory principles demonstrated by other investigators cannot 
be excluded.
On the basis of this hypothesis, the regions containing high 
levels of serotonin should exhibit certain characteristics. Since 
serotonin is thought to be capable of stimulating respiration, glyco- 
genolysis, and glycolysis (Mansour etaL, I96O; Mansour, 1966), it 
might be expected that areas possessing the highest serotonin concentra­
tion would also exhibit the highest metabolic activity. Several 
studies support this prediction (Child and Hyman, 1919; Child, 19^7; Lentz 
and Barrnett, 1961). If serotonin is responsible for this phenomenon 
as well as suppression of regenerative processes, it would be predicted 
that removal of the hypostome would be followed by reduced metabolic 
activities in the adjacent gastric tissue and that this would precede 
regeneration of a new hypostome. Lentz and Barrnett (1962b) have 
demonstrated that this exact sequence of events occurs in the process 
of regeneration.
If this hypothesis is correct, then it is necessary to determine 
which cells serve as targets for serotonin action and how they respond.
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Hie findings reported in this thesis suggest that both the X-cell and 
epitheliomuscular cell respond to serotonin treatment. In the former 
case, serotonin appears to prevent nerve cell differentiation but 
stimulate nematocyst development^/ The only detectable response of the 
epithelio-muscular cell appears to be a reduction in cell adhesiveness.
This latter observation, although apparently insignificent, may 
provide an important clue towards understanding the mechanism of 
budding. It has been demonstrated that bud formation is a product of 
morphogenetic movement of the parent tissues (Clarkson and Wolpert,
1967; Shostak & Kankel,1967).Prom purely mechanistic considerations an out- 
pushing or possibly a. bud would occur if the proximally moving epithelio- 
muscular sheet adhered more tightly to the mesoglea at one point. If 
serotonin is involved in some way with cellular adhesion to the 
mesoglea, then such an outpushing would occur in the area of lowest 
serotonin.
The data reported in this thesis show that serotonin is not 
produced in the gastric and budding regions of asexual non-budding . 
animals and appears to be at its lowest concentration within the budding 
region. In sexual animals, where budding does not usually occur, the 
gastric and budding regions contain higher concentrations of serotonin.
The present studies indicate that the formation of a complete 
new hydra by budding depends upon the influence of some hypostomal 
factor and some peduncular factor and that this process occurs between 
the areas of highest serotonin concentration. This process has been 
stated in another way by Hyman (1928). Her extensive study of budding 
irregularities suggested that "the location of the budding zone on
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normal hydras represents a balance between the inhibiting action of 
peristome and basal disc on bud formation."
to justify the hypothesis that asexual growth/ and form are controlled by 
a bipolar system located in the distal and proximal body regions of 
Hydra. It is postulated that these two systems are composed of inductive 
and regulatory factors. It is possible that the regulatory function may 
be fulfilled by serotonin acting in the same capacity in both systems 
in a manner analogous to a negative feedback mechanism. This hypothesis 
is summarized in Figure 48.
Fig. 48- The bipolar control system of Hydra showing the concentration
gradients of serotonin (S), the hypostomal factor (HF), and the 
postulated peduncular factor (PF).
This author believes that there is enough experimental evidence
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CHAPTER VI 
SUMMARY'
1. The cytology, histochemistry and function of the nervous sys­
tem in Hydra oligactis and several other species was studied during the 
sexual and asexual stages of their life cycles.
I
I 2. Epidermal nerves differentiate from interstitial cells in three
distinct formative zones located at the base of the tentacles, the prox-
/
imal border of the hynostomal dome, and the distal regions of the peduncle.
i
Four cell types can be distinguished; sensory neurons, short, medium, and 
long ganglion cells. Sensory neurons are found in the tentacles, hypostome 
and basal disc. Short ganglion cells are confined to the hypostome; long 
ganglion cells are found primarily in the peduncle; medium ganglion cells 
occur in tentacles and the basal disc. Nerve cells also occur in the 
gastrodermis and can be classified as long ganglion cells.
3* The distribution of nerves can be considered to be bipolar 
with the highest concentration of nerves occurring in the distal and 
proximal regions of the body column. Within the hypostomal dome the distri­
bution of nerves is organised to form a neural ring.
4. Sexuality in II. oligactis is induced by incubation at 8°C. Ten 
days after incubation at this tempei’ature the number of nerves in the tent­
acles, gastric region and basal disc of both males and fenales is signi­
ficantly lower than in the same regions of asexual animals. In females, the 
number of nerves in the neural ring and peduncle are also significantly 
lower after 10 days. The number of nerves in the neural ring and peduncle 
of males are not significantly different until 20 days after incubation at 8°C.
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5. In asexual I!. oligactis epidermal neurons in the tentacles and 
basal disc possess serotonin; those located at the base of the tentacles, 
neural ring and peduncle stain positively for neurosecretory material; 
gastrodermal nerve cells contain large quantities of norepinephrine.
6. During the course of sexuality the intraneural concentration of 
serotonin becomes reduced with a concomitant increase in th extraneural 
concentration of this neurohurnor in the adjacent gastric region. Hie intra­
neural concentration of norepinephrine becomes reduced in sexual animals 
but, to a. greater extent in females than in males. Neurosecretory cells of 
the hypostome and tentacle base exhibit reduced activity while neuro­
secretory cells of the peduncle become more active during sexuality.
I 7* Hypostomal ablation does not prevent ob'genesis but appears to
prevent spermatogenesis. Ablation of proximal regions, ie. peduncle and 
basal disc, bio cks gametogenesis entirely.
8. Hypostoma], ablation does not prevent bud formation but does 
prevent the differentiation of tentacles and hypostome on the developing 
bud. Similarly, proximal ablation does not prevent budding but does prevent 
the bud from differentiating its own peduncle and basal disc.
9. Several neur©pharmacological agents were tested for their effects 
on regeneration and budding. Norepinephrine, epinephrine, and acetylcholine 
have no effect on tentacle regeneration. Serotonin, cyclic AMP, and theo­
phylline inhibit tentacle regeneration; however, p-chlorophenylalanine 
treatment allows excess tentacles and abnormal forms to occur in regen­
erating animals. Norepinephrine, cyclic AMP, and acetylcholine stimulate 
bud formation; serotonin and theophylline suppress budding. Epinephrine
has no significant effect on the rate of budding.
10. Hie role of the nervous system in the sexual and asexual 
biology of Hydra is discussed and several models are presented.
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APPENDIX I
CULTURING TECHNIQUES
A. Culture Solution for Hydra 
Stock A:
K C 1 ............................................... 1.492
KI  .......      0.166
Versene (disodium salt)..........................   O.38O
NaLp07.PI0...................................... 4.968
Distilled Water..................................  1000 ml
Stock B:
CaCl ............................ .................40 g
Distilled Water ..................................  1000 ml
Eighty-five ml of stock A is added to 16.87 litres of distilled 
water and equilibrated for 24 hours. Fourty-two point five ml of stock B 
is then added and after 24 hours the culture water is ready for use. The
final molarity of each component in the culture medium is given below.
Component Molarity
KC1 .......................................  1 X 10“J
KE ........................................ 5 X 10“5
Versene ................................... 5 X 10~ ,
Na HPO. .................................... 4.2 X 10"7
MaH P07.H 0 ...............................  1.8 X 10"7
CaCI2 7..7....... ..........................  6.8 X 10-4
Hydra are fed, v/ashed and cared for according to the procedures 
outlined by Schincariol (1967)*
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/ APPENDIX II
CYT0L0GICAL AND HISTOCHEHICAL METHODS
A. leucomethylene Blue
JI
1. Preparation of the stain:
(a) Add 0.4 ml of 4N HC1 to 200 ml of 0.5 % aqueous methylene 
blue (Fisher, U.S.P.), mix and filter.
(b) Add 40 ml of 15 % sodium formaldehyde sulphoxylate (G. f. Gurr) 
to the acidified methylene blue.
(c) Warm this solution on a hotplate (maintained at 80°C) until 
the temperature of the solution reaches 65°C or until the 
solution becomes a dark chrome green. Caution: do not exceed 
65°C.
(d) Cool rapidly in an ice water bath to 5°C and filter.
(e) Adjust the pH of the filtrate to 4.7 with 0.1 M NaOE and filter.
(f) Store the filtrate (leucomethylene blue) in a tightly stoppered 
bottle under refrigeration until ready for use. The stain
can be stored in this form for periods exceeding one year.
2. Use of the stain:
(a) Adjust an aliquot of leucomethylene blue to nil 4.8 with 0.1 M 
NaOH.
(b) Add 1.5 ml of the stain to 25 ml of culture water containing 
the hydra to be stained. Mix and stain without light for 20- 
50 min.
(c) Examine micriscopically in whole wet mounts or fix, embed and 
section.
m
3 ’ Fixation, Dehydration, and Embedding:
(a) Fix stained animals for 50 min. in 10 % phosphate buffered 
formalin (Fishc-r) at 0-4°C.
(b) Refix in saturated ammonium picrate (Heico) for 5 min. at 0- 
4°C.
(c) Post-fix in 10 # ammonium molybdate (Fisher) at 0-4°C for 
12 hours.
(e) Rinse in distilled water for 5 min.
(f) Dehydrate in t-butanol (at least three changes) at 23°C for 
48 hours.
(g) Cle ar in xylene and embed in paraffin.
(h) Section at 5~10u, mount on slides, deparaffinize in xylene, 
and mount in perm.ount (Fisher).
4. Results:
Nerve cells stain dark blue; nematocysts stain blue purple; I-cells
stain turquoise.
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B. Dissociation of Nerves in Bela Haller’s Fixative:
1. Preparation:
Glacial acetic a c i d ............ .  50 ml
Glycerine «...........................................100 ml
• 2* Use:
Animals are fixed for 1-2 min., then the fixative is blotted off 
j and replaced with a drop of water. A cover slip is placed on the 
I specimen, tapped, lightly, and examined. For the examination of 
I gastrodermal nerves only, hydra are first placed in 3 % urethane 
I . until the epidermis detaches, then fixed in Bela Haller’s fixative 
I as outlined.
3« Reference:
I  Gatenby and Beams, 1950.
C. Diazo Method for Serotonin:
1. Fixation:
h % formaldehyde; fix for *t8 h .
2. Procedure:
(a) Bring sections or whole animals to water.
(b) Treat for 5 min. with a 0.5 % solution of Fast Garnet GBG in
0.1 M, pH 8.0 phosphate buffer.
(c) Wash thoroughly in running water for 15 min.
(d) Dehydrate in alcohol series, clear in xylene and mount in 
permount.
3. Results:
Serotonin stains as bright orange-red granules. 
k . Reference:
Benditt and Wong (195?)•
D. Chromaffin Reaction for Catecholamines:
1. Fixation:
(a) Fix for 2 h in 6.25 % glutsraldehyde buffered at pH 7.^ f with
0.1 K sodium cacodylate.
(b) Rinse overnight in 0.1 M sodium cacodylate at pH 7.*t.
(c) Rinse in distilled water.
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2. Procedure:
(a)lncubate sections or whole animals in 2.5 % potassium dichromate 
containing 1 % sodium sulphate for 2 k h at 4-°C end buffered at:
i) pH 4.1 with 0.2 M acetate buffer for the demonstration 
of norepinephrine, 
ii) pH 6.5 with 0.2 M acetate buffer for the demonstration 
of epinephrine.
(b) Dehydrate in alcohol series, clear in xylene and mount in 
perrnount.
p . Results:
Norepinephrine stains as brown-black irregularly shaped rods and 
granules; epinephrine stains yellow to light brown.
4. Reference:
/
! Wood and Barrnett, 1964.
I
E. Aldohyde-Fuchsin Method for Neurosecretory Substance:
1. Fixation:
Preferred fixation is formol-calcium, 10 % phosphate-buffered 
formaldehyde, or Bonin’s fixative.
2. Procedure:
(a) Section at 10 u and bring sections to water.
(b) Oxidize in Gomori’s fluid for 5 min. consisting, of 0.2 ml conc.
H^SO^ per 100 ml 0.5 % KMNO. .
(c) Rinse in SO^ solution (2.5 55 sodium bisulphite) until all 
permanganate stain is removed ( a few sec).
(d) Rinse in distilled v?ater and pass through graded alcohols to 
70 % ethanol.
(e) Stain in the aldehyde-fuchsin solution for 2 min.
(f) Quickly rinse well in 95 % alcohol and transfer to a fresh
95 % alcohol wash for 2-5 min (until no more stain comes away),
(g) Dehydrate, clear, and mount in perrnount.
5« Results:
N. S. S. stains magenta; other sulphur containing structures stain 
as well.
4. Reference:
Cameron and Steele, 1959*
F. Aldehyde-Thionln, Hapthol-Yellow S Method for Neurosecretory Substance:
1. Fixation:
Preferred fixation is formol-calcium, 10 % phosphate-buffered 
formaldehyde, or Bouin’s fixative.
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2. Procedure:
(a) /Bring sections to water and oxidize in Gamori’s fluid for 
I 3 min.
(b)| Bleach sections in 3 $ oxalic acid until colourless.
(c) Stain in a well aged solution of aldehyde-thionin for 15 min.
(d) Rinse in water.
(e) Oxidize in periodic acid for 5 min.
Rinse in distilled water..
(g) Stain with Schiff *s reagent for 20 min.
(h) Place sections in three changes of sulphuric acid (2 rain each).
(i) Rinse in running tan water for 5 min.
(j) Stain with a solution of napthol yellow S for 10 min. (napthol 
yellow S (National Aniline) 1 % in 1 % acetic acid)
(k) Wash quickly in water or better dehydrate, clear and mount in 
permount.
3. Results:
Neurosecretory substance stains green-blue. 
k . Reference:
Leray and Stahl, 19^1.
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APPENDIX III
STATISTICAL DATA 
TABLE XV
j BILATERAL COMPARISON OF NERVES IN H. oligactis
I
Region Mean, number of Mean number of Standard Deviation t P
! DJ J *  A C- J ~ A O .? _1 -/ nerves- Side 1 nerves- Side 2 Side 1 Side 2
Tent­
acles (9)* 64.9 60.0 11.36 8.64 0.97 >0.23
Hypo-
stome(3)
j
37-7 61.7 5.91 3.09 0.83 >0.23
Gastric
Region(3) 8.0 7.0 2.45 1.63 0.48 >0.30
Ped­
uncle (3) 146.0
IA*O
-3* 27.36 23.77 0.21 >0.30
Basal 
Disc(3) 60.0 56.3 5.72 11.44 0.41 >0.30
* Bracketed numbers equal number of observations.
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Q. TABLE X V I
COMPARISON OF THE NUMBER OF NERVES IN THE TENTACLES OF ASEXUAL AND SEXUAL H. oligactis
■o
CD
Stage Day No. of ob­
servations
No. of 
anintels” •
Mean no. of 
nerves in 1/a 
tentacle
Total mean no. 
of nerves per 
animal in 6 
tentacles
Variance S. D. ---- _ P _  
(asexual 
vs. sexual
Asexual 0 35 11 ' 65-3 783.6 121.9 11.1 - -
Proliferative 10 16 5 45-9 550.8 46.2 . 6.79 6.36 <0.005
(male)
Determinative
(male)
15 18 5 34.4 412.8 46.7 6.83 10.63 <0.005
Testicular 20 16 5 25.O 300.0 29.9 5.^7 13.57 <0.005
Termination
(male)
30 20 6 25.8 309.6 26.9 5.19 14.80 < 0.005
Proliferative 10 21 6 30.0 360.0 19.5 4.41 13.74 <0.005
(female)
Determinative
(female)
15 16 5 17.2 206.9 12.8 3.58 16.69 <0.005
Plasmodial 20 15 5 13.9 166.8 10.9 3-30 17.34 < 0.005
Termination 30 15 5 10.7 128.4 16.2 4.03 18.23 0.005
C/) (f)
with 
perm
ission 
of the 
copyright 
ow
ner. 
Further 
reproduction 
prohibited 
w
ithout 
perm
ission.
CD■o-5O
Q.
C
. TABLE X V I I
COMPARISON OF THE NUMBER OF NERVES IN THE HYPOSTOME OF ASEXUAL AND SEXUAL H. olisactis
Stage Day No. of 
observations
Mean no. of 
nerves in Yz 
hypostome
Total mean no. 
of nerves in 
hypostome
Variance S. D. 't' P
(asexual t 
sexual)
Asexual 0 11 60.9 121.8 56.6 7-53 - -
Proliferative 10 5 55-6 111.2 77.4 8.80 1.16 7 0.25
(male)
De t erminative 15 5 60.2 ■ 120.4 25.4 5.04 0.18 >0.50
(male)
Testicular 20 5 34.4 68.8 16.2 4.03 6.93 <0.005
Termination 30 6 35-8 71.6 26.1 5-11 6.86. <0.005
(male)
Proli ferative 
(female)
10 6 27.5 55-0 20.9 4.57 9.32 < 0.005
Determinative
(female)
15 5 28.4 56.8 17.O 4.13 8.48 <0.005
Plasmodial 20 5 26.2 52.4 15.8 3-97 9.08 < 0.005
Termination
(female)
30 5 27.4 54.8 3.44 1.86 9.19 <0.005
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TABLE X V I IT
COMPARISON OF THE NUMBER OF NERVES IN THE GASTRIC REGION OF ASEXUAL AND SEXUAL H. oligactis
Stage ;Day No. of ob­
servations
Mean no. of 
nerves in Yz 
gastric reg­
ion
Total mean no. 
of nerves in 
gastric region
Variance S. D. 't' p
(asexual ■ 
sexual)
Asexual 0 11 7-56 14.7 3.5P 1.87 - -
Proliferative 10 5 1 .8 3.6 1.36 1.17 5.73 0.005
(male)
Determinative 15 5 0 .6 1.2 1.44 1.20 6.94 < 0.005
(male)
Testicular 20 5 0 .0 0 .0 0 .0 0 .0 00 < 0.005
Termination 50 6 0 .0 0 .0 0 .0 0 .0 o o < 0.005
(male)
Proli f erative 
(female)
10 6 0 .2 0,4 0.16 0 .4 8.70 <r 0.005
Determinative_
(female)
_15_ 5 0 .0 0 .0 0 .0 • '* 0 .0 < 0.005
Plasmodial 20 5 0 .0 0 .0 0 .0 0 .0 CO < 0.005
Termination
(female)
30 5 0 .0 0 .0 0 .0 0 .0 00 < 0.005
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TABLE X IX
COMPARISON OF THE NUMBER OF NERVES IN THE PEDUNCLE OF ASEXUAL AND SEXUAL H. oligactis
Stage Day No. of ob­
servations
Mean-no. of 
nerves in Yz 
peduncle
Total mean 
no. of nerves 
in peduncle
Variance S. D. 't' P
(asexual vs 
sexual)
Asexual 0 11 136.6 273.2 489.7 22.1 - -
Proliferative 10 5 101.4 202.8 113.8 10.7 3.16 > 0.01
(male)
Determinative 15 5 142.8 285.6 177.4 13.3 0.54 > 0.50
(male)
Testicular 20 5 84.4 168.8 248.2 15.8 4.45 •< 0.005
Termination
(male)
30 6 63.5 127.0 24.9 4.99 7.50 < 0.005
Proliferative 10 6 90.3 180.6 126.6 11.3 4.51 < 0.005
(female)
Determinative 15 5 77 -2 154.4 50.6 7.11 5.49 < 0.005
(female)
Plasmodial 20 5 57.8 115.6 155.0 12.5 6.96 < 0.005
Termination
(female)
30 5 20.2 40.4 19.0 4.35 10.9 < 0.005
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TABLE XX
COMPARISON OF THE NUMBER OF NERVES IN THE BASAL DISC OF ASEXUAL AND SEXUAL-H. oligactis
Stage Day No. of ob­
servations
Mean no. of 
nerves in Yz 
basal disc
Total mean no. 
of nerves in 
basal disc
Variance S.D. ’t' P
(asexual  ^
sexual)
Asexual 0 11 58.it 116.8 55-3 7.44 - -
Proliferative
(male)
10 5 27.0 54.0 11.6 3.41 8.44 < 0.005
Determinative
(male)
15 5 25.O 50.0 21.2 if. 60 8.67 < 0.005
Testicular 20 5 28.0 56 .0 23.6 4.86 7.83 <0.005
Termination 30 6 22.0 44.0 19.3 4.40 10.3 < 0.005
(male)
Proliferative 10 6 29.3 58.6 34.9 5.91 7.77 <0.005
(female)
Det erminative 15 5 . 22.0 44.0 12.4 3.52 9.75 < 0.005
(female)
Plasmodial 20 5 28.4 ' 56.8 31.8 5.64 7.51 < 0.005
(female)
Termination
(female)
30 5 16.6 33.2 42.6 6.53 10.10 < 0.005
TABLE
THE EFFECT OF VARIOUS CHEMICALS
Series Treatment Concen- Day Number of Animals with 0-15 Tentacles
trktion 0 1 2 3 4 5 6 .7 8 9 10 11 12 13 14 15
Control j— 0 100
(100) ! V 87 13
.......... / 2 8 9 13 31 12 16 11
5 6 2 1 5 24 22 18 15 4 2 _ _ _ 1 _ _
4 4 4 1 1 10 21 24 16 12 3 3 1 - - - -
5 1 3 - - 7 22 33 14 11 6 3 - _ _ _ _
Serotonin 0.5 mM 0 20
(20) 1 20
2 0 2 12 4 2
5 0 1 1 4 7 6 1
4 0 0 0 5 9 3 1 2 -
5 0 0 0 4 9 5 2
Serotonin 1.0 mM 0 20
(16*) 1 15 1
2 14 2
5 14 1 1
4 14 1 1
5 14 - 2
Cyclic AMP 0.35 mM 0 20
(20) 1 18 2
2 6 2 4 8
5 4 .4 - - 8 4
4 4 2 - 2 8 4
5 4 2 - - 8 4 2
Cyclic AMP 0.5' mil 0 20
(20) 1 '18 2
2 16 2 2
3 16 1 3
4 16 1 3
5 16 1 3
Theophyl- 2.0 mM 0 20
line (20) 1 20
2 6  2 10 2 -  - -  -
3 4  _ 8 6 -  -  -  -
4 - 2 6 4 2 4 2 -
5 - 2 4 6 2 4 - 2
Theophyl­
line (20)
0 20
1 20
2 18 2 -
3 16 4 -
4 9 10 1
5 8 9 3
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XXI
ON DISTAL REGENERATION
Mean Number of Variance S.D. 't' p (Treated
Tentacles/Animal ^ vs. Control)
0.00 0.00 0.00
0.13 0.11 0.34 __ ---
; 3.22 2.91 1.71 --
5.01 4.45 2.11 — — — -
3.75 4.87 2.21 — —
6.09 3.20 1.79 — mmmrn
0.00 0.00 0.00 _ _
0.00 0.00 0.00 — —
2.30 0.61 0.78
3.95 1.35 1.16
if. 30 1.41 1.19 —
if. 23 0.79 0.89 - 4.45 0.003
0.00 0.00 0.00
0.07 0.06 0.24 — —
0.13 0.11 0.33
0.18 0.28 0.53 M. mm
0.18 0.28 0.33 — ___
0.25 0.44 0.66 12.8 < 0.005
0.00 0.00 0.00 •mmm
0.10 0.09 0.30 --
1.70 1.61 1.27
2.80 3.76 1.94 -- • --
3.00 3.70 1.92 -- -- .
3.30 21 2.03 6.13 ' < 0.005
0.00 0.00 0.00 «...
0.10 0.09 0.30
0.30 0.41 0.64 __
0.35 0.53 0.73 -- --
0.35 0.53 0.73 --- --
0.35 0.53 0.73 13.9 < 0.005
0.00 0.00 0.00
0.00 0.00 0.00 ---
1.40 1.04 1.02
2.30 1.20 1.01
3.30 2.41 1-55 --- —  -
3.50 2.83 1.67 5.92 < 0.005
0.00 0.00 0.00
0.00 0.00 0.00 --
0.10 0.09 0.30 --- ---
0.20 0.16 0.40 «...
0.60 0.34 0.58 --- ---
0.73 0.49 0.70 13.0 < 0.005
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TABLE
Treatment Concen­
tration
Day
0 1
Number of Animals with 0-15 Tentacles
2 3 b 5 6 7 8 9 10 11 12 13 14 v
p-chloro- 2.0 mM 0 20 -
phenyl­ 1 15 5
alanine 2 . -  - - - 3 5 7 2 2 1
(20) 3 3 5 5 b - 1 1 1 - - -
b -  6 3 b 2 1 -  - -  1 1
I
I 5
-  6 5 b 2 1 -  -  -  1 1
D,L-nor- 0.1 mM 0 20 -
epinephrine 1 15 3 2
(20) 2 1 2 1 - 9 7 -
3 - - - 2 2 10 6
k -  - - - 2 5 7 b 2
I
i 5 -  - - - 1 b 8 3 b
i
L-epi- 0.1 mM 0 20 -
nephrine 1 16 2 2
(20) 2 -  - b 2 9 -
3 -  - 1 3 3 8 5
b - - - 3 3 11 2 1
5 - - - - 1 3 10 b 2
Acetyl- 1.0 mM 0 20 -
'
choline 1 17 3
(20) 2 _  - 3 b 8 5 -
3 - - 1 b 3 7 3 1 1
b -  - - - 5 b 6 3 2
5 -  - - - 2 b 9 3 2
2 Control —  0 20
(20) 1 17 5
2 - A- 7 8 1 - - -
3 - - -  2 10 5 3 -
4 - - - 1 9 6 3 1
5 - - -  - 7 8 4 1
p-chloro- ^.OmM 0 20 - - - - - - - - - - - - - - -
phenyl- 1 - . - - - 3 6 9 1 1 - - - - - - -
alanine 2 - - - -  1 1 5 3 7 1 1 1 “ “ " “
(20) 3 - - -  - - 1 7 ^ ^ 2 1 1 - - - -
2f - - -  - -  - 5 5 6 1 2 - - 1 - -
3 - _ _ - - - 3 ^ 9 1 2 - - 1 - -
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XXI (continued)
Mean Number of Variance S.D. i-fci**
Tentacles/Animal
O.OQ 0.00 - 0.00
0.33 0.19 0.43
6.10 1.79 1.34
7.25 3.49 1.87
8.00 6.00 2.45
8.00 6.00 2.45 4.04
0.00 0.00 0.00
0.35 1.93 1.39
3.75 2.19 1.48
5.00 0.80 0.89
5-95 1.25 1.19
6.25 1.29 1.14 0.38
0.00 0.00 0.00
0.30 0.41 0.64
3.65 1.03 1.01
4.65 1.33 1.15
5.75 0.99 0.99
6.15 1.58 1.26 0.14
0,00 0.00 0.00 —
0.15 0.13 0.36
3.75 1.21 1.10
5.50 2.11 1.45
5.65 1.63 1.28
5.95 1.15 1.07 0.34
0.00 0.00 0.00
0.15 -• 0.13 O .36
2.30 * 0.71 0.87
4.45 0.75 0.87
4.70 0.91 0.95
4.95 0.75 0.87
0.00 0.00 0.00
5.55 ' 0.95 0.97
7.30 3.51 1.87
7.30 2.31 1.52
7.75 2.89 1.70
8.00 2.50 1.58 7.38
P (Treated 
vs. Control)
< 0.005
> 0.50
> 0.50
> 0.50
< 0.005
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TABLE
Series Treatment Concen- Day Number of Animals with 0-15 Tentacles
tration 0 1 2 3 4 5 6 7 8 9 10 11 12 13 ^  15
Control /—  0 2 0 - - - - - - . - - - - - -
(20) / 1 - 1 - - 2 1 7 4 1 5 1 - -
2 - - - - - 1 ^ 5 3 2 ^ - 1  
3 3 6 2 3 - 1
^ ■ - - - - 1 2 2 8 2 3 1  1 -  
5 - - -  - 1 2 1 5 7 2 2
D,L-nor- 1.0 mM 0 20 - - -  - - - -  - - - -  - -
epinephrine 1 - - -  - 2 5 9 ^ - - - ~ - -
2 - - -  - 1 2 5 6 3 2 - - - 1
3 - - -  - -  2 3 8 3 1 2 - - 1
k ..................................3 11 1} 1 -  -  1 -
3 ................ 2 124 1 - - 1 -
L-epi- 1.0 mM 0 20 - - - - -  - - - -  - - - -
neplirine 1 - - 1 - 1 3 6 ^ 4 1 - - - -
(20) 2 ............... 1 5 5 3 ^ 2 - - -
3 _ _ _ _ _ 3 2 6  3 if 1 1 - -
Zf _ - _ _ - 2 3 7 3 3 1 1 - -  
5 - - -  - -  3 3 5 ^ 3 1 1 - -
Acetyl- 2.0 mM 0 20 - - -  - -  - -  - -  - -
choline 1 - - ~ 1 9 ^ 3 2 - - 1 -
(20) 2 - - -  - 3 l f 6 3 3 - - 1
3 - - -  - 1 3 5 5 5 - - I
k _ _ _ _ i 2 7 5 if - l -  
3 - - -  - -  2 9 ^ 4 - 1 -
* On day 1, the epidermis of animals had sloughed. These animals were 
not included in subsequent readings.
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XXI (continued)
Kean Number of Variance S.D. 't1** P (Treated
Tentacles/Animal 5 vs. Control)
0.00 0.00 0.00
6-/i5 4.05 2.01
7-90 3.19 1.79
7.90 2.89 1.70
7.50 2.81 1.68
7.^5 2.33 1.33
0.00 0.00 0.00
6.10 0.79 0.89
7.05 2.90 1.70
7.30 2.83 1.69
7.^0 1.64 1.28
7.^5 1.53 1.24 0.00
0.00 0.00 0.00
6.30 2.31 1.58
7.^0 2.05 1.43
7.53 2.65 1.63
7.^5 2.33 1.53
7-53 2.64 1.63 0.09 ;> 0.30
0.00 O.CO 0.00
5.03 2.45 1.57
6.20 2.76 1.66
6.73 2.63 1.62
£•67 1.73 1.31
6-70 1.41 1.19 1.69 3 0 .1 0
> 0.30
** The values for the mean number of tentacles/animal obtained on day 5 
from treated animals v/ere compared to control values on day 5 using 
the Student’s t-Test of Significance.
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